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(54) Title: RNA INTERFERENCE MEDIATING SMALL RNA MOLECULES 

(57) Abstract: Double-stranded RNA (dsRNA) induces sequence-specific post-transcriptiona! gene silencing in many organisms 
by a process known as RNA interference (RNAi). Using a Drosophila in vitro system, we demonstrate that 19-23 nt short RNA 
fragments are the sequence-specific mediators of RNAi. The short interfering RNAs (siRNAs) are generated by an RNase ITT-like 
processing reaction from long dsRNA. Chemically synthesized siRNA duplexes with overhanging 3* ends mediate efficient target 
RNA cleavage in the lysatc, and the cleavage site is located near the center of the region spanned by the guiding si RNA. Furthermore, 
we provide evidence that the direction of dsRNA processing determines whether sense or anii sense target RNA can be cleaved by 
the produced siRNP complex. 
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RNA Interference Mediating Small RNA molecules 

Description 

The present invention relates to sequence and structural features of 
double-stranded (ds)RNA molecules required to mediate target-specific 
nucleic acid modifications such as RNA-interference and/or DNA methyla- 
tion. 

The term "RNA interference* (RNAi) was coined after the discovery that 
injection of dsRNA into the nematode C. elegans leads to specific silencing 
of genes highly homologous in sequence to the delivered dsRIMA (Fire et 
al., 1998). RNAi was subsequently also observed in insects, frogs (Oelge- 
schlager et aL, 2000), and other animals including mice (Svoboda et al., 
2000; Wianny and Zernicka-Goetz, 2000) and is likely to also exist in 
human. RNAi is closely linked to the post-transcriptional gene-silencing 
(PTGS) mechanism of co-suppression in plants and quelling in fungi (Cata- 
lanotto et aL, 2000; Cogoni and Macino, 1999; Dalmay et al., 2000; 
Ketting and Plasterk, 2000; Mourrain et al., 2000; Smardon et ah, 2000) 
and some components of the RNAi machinery are also necessary for post- 
transcriptional silencing by co-suppression (Catalanotto et al., 2000; Dern- 
burg et al., 2000; Ketting and Plasterk, 2000). The topic has also been 
reviewed recently (Bass, 2000; Bosher and Labouesse, 2000; Fire, 1999; 
Plasterk and Ketting, 2000; Sharp, 1 999; Sijen and Kooter, 2000), see also 
the entire issue of Plant Molecular Biology, vol.- 43, issue 2/3, (2000). 

In plants, in addition to PTGS, introduced transgenes can also lead to 
transcriptional gene silencing via RNA-directed DNA methylation of cytosi- 
nes (see references in Wasseriegger, 2000). Genomic targets as short as 
30 bp are methylated in plants in an RNA-directed manner (Pelissier, 
2000). DNA methylation is also present in mammals. 
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The natural function of RNAi and co-suppression appears to be protection 
of the genome against invasion by mobile genetic elements such as retro- 
transposons and viruses which produce aberrant RNA or dsRNA in the host 
cell when they become active (Jensen et al, 1 999; Ketting et al., 1 999; 
Ratcliff et al., 1999; Tabara et al., 1999). Specific mRNA degradation 
prevents transposon and virus replication although some viruses are able to 
overcome or prevent this process by expressing proteins that suppress 
PTGS (Lucy et al., 2000; Voinnet et al., 2000). 

DsRNA triggers the specific degradation of homologous RNAs only within 
the region of identity with the dsRNA {Zamore et al., 2000). The dsRNA is 
processed to 21-23 nt RNA fragments and the target RNA cleavage sites 
are regularly spaced 21-23 nt apart. It has therefore been suggested that 
the 21-23 nt fragments are the guide RNAs for target recognition (Zamore 
et al., 2000). These short RNAs were also detected in extracts prepared 
from D, melanogaster Schneider 2 cells which were transfected with 
dsRNA prior to cell lysis (Hammond et al., 2000), however, the fractions 
that displayed sequence-specific nuclease activity also contained a large 
fraction of residual dsRNA. The role of the 21-23 nt fragments in guiding 
mRNA cleavage is further supported by the observation that 21-23 nt 
fragments isolated from processed dsRNA are able, to some extent, to 
mediate specific mRNA degradation (Zamore et al., 2000). RNA molecules 
of similar size also accumulate in plant tissue that exhibits PTGS (Hamilton 
and Baulcombe, 1999). 

Here, we use the established Drosophila in vitro system (Tuschl et al., 
1 999; Zamore et al., 2000) to further explore the mechanism of RNAi, We 
demonstrate that short 21 and 22 nt RNAs, when base-paired with 3' 
overhanging ends, act as the guide RNAs for sequence-specific mRNA 
degradation. Short 30 bp dsRNAs are unable to mediate RNAi in this sys- 
tem because they are no longer processed to 21 and 22 nt RNAs. Fur- 
thermore, we defined the target RNA cleavage sites relative to the 21 and 
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22 nt short interfering RNAs (siRNAs) and provide evidence that the direc- 
tion of dsRNA processing determines whether a sense or an antisense 
target RNA can be cleaved by the produced siRNP endonuclease complex. 
Further, the siRNAs may also be important tools for transcriptional modula- 
ting, e.g. silencing of mammalian genes by guiding DNA methylation. 

Further experiments in human in vivo cell culture systems (HeLa cells) 
show that double-stranded RNA molecules having a length of preferably 
from 19-25 nucleotides have RNAi activity. Thus, in contrast to the results 
from Drosophila also 24 and 25 nt long double-stranded RNA molecules are 
efficient for RNAi. 

The object underlying the present invention is to provide novel agents 
capable of mediating target-specific RNA interference or other target-speci- 
fic nucleic acid modifications such as DNA methylation, said agents having 
an improved efficacy and safety compared to prior art agents. 

The solution of this problem is provided by an isolated double-stranded 
RNA molecule, wherein each RNA strand has a length from 1 9-25, particu- 
larly from 19-23 nucleotides, wherein said RNA molecule is capable of 
mediating target-specific nucleic acid modifications, particularly RNA inter- 
ference and/or DNA methylation. Preferably at least one strand has a 3'- 
overhang from 1-5 nucleotides, more preferably from 1-3 nucleotides and 
most preferably 2 nucleotides. The other strand may be blunt-ended or has 
up to 6 nucleotides 3' overhang. Also, if both strands of the dsRNA are 
exactly 21 or 22 nt. it is possible to observe some RNA interference when 
both ends are blunt (0 nt overhang). The RNA molecule is preferably a 
synthetic RNA molecule which is substantially free from contaminants 
occurring in cell extracts, e.g. from Drosophila embryos. Further, the RNA 
molecule is preferably substantially free from any non-target-specific conta- 
minants, particularly non-target-specific RNA molecules e.g. from contami- . 
nants occuring in cell extracts. 
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Further, the invention relates to the use of isolated double-stranded RNA 
molecules, wherein each RNA strand has a length from 1 9-25 nucleotides, 
for mediating, target-specific nucleic acid modifications, particularly RNAi, 
in mammalian cells, particularly in human cells. 

Surprisingly, it was found that synthetic short double-stranded RNA mole- 
cules particularly with overhanging 3'-ends are sequence-specific mediators 
of RNAi and mediate efficient target-RNA cleavage, wherein the cleavage 
site is located near the center of the region spanned by the guiding short 
RNA. 

Preferably, each strand of the RNA molecule has a length from 20-22 
nucleotides (or 20-25 nucleotides in mammalian cells), wherein the length 
of each strand may be the same or different. Preferably, the length of the 
3'-overhang reaches from 1-3 nucleotides, wherein the length of the over- 
hang may be the same or different for each strand. The RNA-strands 
preferably have 3'-hydroxyl groups. The 5'-terminus preferably comprises 
a phosphate, diphosphate, triphosphate or hydroxy! group. The most 
effective dsRNAs are composed of two 21 nt strands which are paired 
such that 1-3, particularly 2 nt 3' overhangs are present on both ends of 
the dsRNA. 

The target RNA cleavage reaction guided by siRNAs is highly sequence- 
specific. However, not all positions of a siRNA contribute equally to target 
recognition. Mismatches in the center of the siRNA duplex are most critical 
and essentially abolish target RNA cleavage. In contrast, the 3' nucleotide 
of the siRNA strand (e.g. position 21) that is complementary to the single- 
stranded target RNA, does not contribute to specificity of the target reco- 
gnition. Further, the sequence of the unpaired 2-nt 3' overhang of the 
siRNA strand with the same polarity as the target RNA is not critical for 
target RNA cleavage as only the antisense siRNA strand guides target reco- 
gnition. Thus, from the single-stranded overhanging nucleotides only the 
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penultimate position of the antisense siRNA (e.g. position 20) needs to 
match the targeted sense mRNA. 

Surprisingly, the double-stranded RNA molecules of the present invention 
exhibit a high in vivo stability in serum or in growth medium for cell cul- ' 
tures. In order to further enhance the stability, the 3'-overhangs may be 
stablized against degradation, e.g. they may be selected such that they 
consist of purine nucleotides, particularly adenosine or guanosine nucleoti- 
des. Alternatively, substitution of pyrimidine nucleotides by modified ana- 
logues, e.g. substitution of uridine 2 nt 3' overhangs by 2'-deoxythymidine 
is tolerated and does not affect the efficiency of RNA interference. The 
absence of a 2' hydroxyl significantly enhances the nuclease resistance of 
the overhang in tissue culture medium. 

In an especially preferred embodiment of the present invention the RNA 
molecule may contain at least one modified nucleotide analogue. The 
nucleotide analogues may be located at positions where the target-specific 
activity, e.g. the RNAi mediating activity is not substantially effected, e.g. 
in a region at the 5'-end and/or the 3'-end of the double-stranded RNA 
molecule. Particularly, the overhangs may be stabilized by incorporating 
modified nucleotide analogues. 

Preferred nucleotide analogues are selected from sugar- or backbone-modi- 
fied ribonucleotides. It should be noted, however, that also nucleobase- 
modified ribonucleotides, i.e. ribonucleotides, containing a non-naturally 
occurring nucleobase instead of a naturally occurring nucleobase such as 
uridines or cytidines modified at the 5-position, e.g. 5-(2-amino)propyl 
uridine, 5-bromo uridine; adenosines and guanosines modified at the 8- 
position, e.g. 8-bromo guanosine; deaza nucleotides, e.g. 7-deaza-adeno- 
sine; O- and N-alkylated nucleotides, e.g. N6-methyl adenosine are suit- 
able. In preferred sugar-modified ribonucleotides the 2 ' OH-group is repla- 
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ced by a group selected from H, OR, R, halo, SH, SR, NH 2 , NHR, NR 2 or 
CN, wherein R is C,-C 5 alkyl, alkenyl or alkynyl and halo is F, CI, Br or I. 
In preferred backbone-modified ribonucleotides the phosphoester group 
connecting to adjacent ribonucleotides is replaced by a modified group, 
e.g. of phosphothioate group. It should be noted that the above modifi- 
cations may be combined. 

The sequence of the double-stranded RNA molecule of the present inven- 
tion has to have a sufficient identity to a nucleic acid target molecule in 
order to mediate target-specific RNAi and/or DNA methylation. Preferably, 
the sequence has an identity of at least 50%, particularly of at least 70% 
to the desired target molecule in the double-stranded portion of the RNA 
molecule. More preferably, the identity is at least 85% and most preferably 
100% in the double-stranded portion of the RNA molecule. The identity of 
a double-stranded RNA molecule to a predetermined nucleic acid target 
molecule, e.g. an mRNA target molecule may be determined as follows: 
n 

I = — x 100 
L 

wherein I is the identity in percent, n is the number of identical nucleotides 
in the double-stranded portion of the ds RNA and the target and L is the 
length of the sequence overlap of the double-stranded portion of the 
dsRNA and the target. 

Alternatively, the identity of the double-stranded RNA molecule to the 
target sequence may also be defined including the 3' overhang, particularly 
an overhang having a length from 1-3 nucleotides. In this case the se- 
quence identity is preferably at least 50%, more preferably at least 70% 
and most preferably at least 85% to the target sequence. For example, the 
nucleotides from the 3' overhang and up to 2 nucleotides from the 5' 
and/or 3' terminus of the double strand may be modified without signifi- 
cant loss of activity. 
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The double-stranded RNA molecule of the invention may be prepared by a 
method comprising the steps: 

(a) synthesizing two RNA strands each having a length from 1 9-25, e.g. 
from 1 9-23 nucleotides, wherein said RNA strands are capable of 
forming a double-stranded RNA molecule, wherein preferably at least 
one strand has a 3'-overhang from 1-5 nucleotides, 

(b) combining the synthesized RNA strands under conditions, wherein a 
double-stranded RNA molecule is formed, which is capable of media- 
ting target-specific nucleic acid modifications, particularly RNA 
interference and/or DNA methylation. 

Methods of synthesizing RNA molecules are known in the art. In this 
context, it is particularly referred to chemical synthesis methods as de- 
scribed in Verma and Eckstein (1998). 

The single-stranded RNAs can also be prepared by enzymatic transcription 
from synthetic DNA templates or from DNA plasmids isolated from recom- 
binant bacteria. Typically, phage RNA polymerases are used such as T7, 
T3 or SP6 RNA polymerase (Milligan and Uhlenbeck (1989)). 

A further aspect of the present invention relates to a method of mediating 
target-specific nucleic acid modifications, particularly RNA interference 
and/or DNA methylation in a cell or an organism comprising the steps: 

(a) contacting the cell or organism with the double-stranded RNA mole- 
cule of the invention under conditions wherein target-specific nucleic 
acid modifications may occur and 



(b) mediating a target-specific nucleic acid modificiation effected by the 
double-stranded RNA towards a target nucleic acid having a 
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sequence portion substantially corresponding to the double-stranded 
RNA. 

Preferably the contacting step (a) comprises introducing the double-stran- 
ded RNA molecule into a target cell, e.g. an isolated target cell, e.g. in cell 
culture, a unicellular microorganism or a target cell or a plurality of target 
cells within a multicellular organism. More preferably, the introducing step 
comprises a carrier-mediated delivery, e.g. by liposomal carriers or by 
injection. 

The method of the invention may be used for determining the function of 
a gene in a cell or an organism or even for modulating the function of a 
gene in a cell or an organism, being capable of mediating RNA interference. 
The cell is preferably a eukaryotic cell or a cell line, e.g. a plant cell or an 
animal cell, such as a mammalian cell, e.g. an embryonic cell, a pluripotent 
stem cell, a tumor cell, e.g. a teratocarcinoma cell or a virus-infected cell. 
The organism is preferably a eukaryotic organism, e.g. a plant or an animal, 
such as a mammal, particularly a human. 

The target gene to which the RNA molecule of the invention is directed 
may be associated with a pathological condition. For example, the gene 
may be a pathogen-associated gene, e.g. a viral gene, a tumor-associated 
gene or an autoimmune disease-associated gene. The target gene may also 
be a heterologous gene expressed in a recombinant cell or a genetically 
altered organism. By determinating or modulating, particularly, inhibiting 
the function of such a gene valuable information and therapeutic benefits 
in the agricultural field or in the medicine or veterinary medicine field may 
be obtained. 

The dsRNA is usually administered as a pharmaceutical composition. The 
administration may be carried out by known methods, wherein a nucleic 
acid is introduced into a desired target cell in vitro or in vivo. Commonly 
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used gene transfer techniques include calcium phosphate, DEAE-dextran, 
electroporation and microinjection and viral methods {Graham, F.L. and van 
der Eb, A.J. (T973) Virol. 52. 456; McCutchan, J.H. and Pagano, J.S. 
(1968), J. Natl. Cancer Inst. 41, 351; Chu, Q. et al (1987), Nucl. Acids 
Res. 15, 1311,-Fraley, R. et al. (1980), J. Biol. Chem. 255, 10431; Capec- 
chi, M.R. (1 980), Cell 22, 479). A recent addition to this arsenal of techni- 
ques for the introduction of DNA into cells is the use of cationic liposomes 
(Feigner, P.L. etal. (1987), Proc. Natl. Acad. Sci USA 84, 7413). Commer- 
cially available cationic lipid formulations are e.g. Tfx 50 (Promega) or 
Lipofectamin2000 (Life Technologies). 

Thus, the invention also relates to a pharmaceutical composition containing 
as an active agent at least one double-stranded RN A molecule as described 
above and a pharmaceutical carrier. The composition may be used for 
diagnostic and for therapeutic applications in human medicine or in veteri- 
nary medicine. 

For diagnostic or therapeutic applications, the composition may be in form 
of a solution, e.g. an injectable solution, a cream, ointment, tablet, suspen- 
sion or the like. The composition may be administered in any suitable way, 
e.g. by injection, by oral, topical, nasal, rectal application etc. The carrier 
may be any suitable pharmaceutical carrier. Preferably, a carrier is used, 
which is capable of increasing the efficacy of the RNA molecules to enter 
the target-cells. Suitable examples of such carriers are liposomes, particu- 
larly cationic liposomes. A further preferred administration method is injec- 
tion. 

A further preferred application of the RNAi method is a functional analysis 
of eukaryotic cells, or eukaryotic non-human organisms, preferably mam- 
malian cells or organisms and most preferably human cells, e.g. celt lines 
such as HeLa or 293 or rodents, e.g. rats and mice. By transfection with 
suitable double-stranded RNA molecules which are homologous to a prede- 
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termined target gene or DNA molecules encoding a suitable double-stran- 
ded RNA molecule a specific knockout phenotype can be obtained in a 
target cell r e.g. in cell culture or in a target organism. Surprisingly it was 
found that the presence of short double-stranded RNA molecules does not 
result in an interferon response from the host cell or host organism. 

Thus, a further subject matter of the invention is a eukaryotic cell or a 
eukaryotic non-human organism exhibiting a target gene-specific knockout 
phenotype comprising an at least partially deficient expression of at least 
one endogeneous target gene wherein said cell or organism is transfected 
with at least one double-stranded RNA molecule capable of inhibiting the 
expression of at least one endogeneous target gene or with a DNA enco- 
ding at least one double stranded RNA molecule capable of inhibiting the 
expression of at least one endogeneous target gene. It should be noted 
that the present invention allows a target-specific knockout of several 
different endogeneous genes due to the specificity of RNAi. 

Gehe-specific knockout phenotypes of cells or non-human organisms, 
particularly of human cells or non-human mammals may be used in analytic 
procedures, e.g. in the functional and/or phenotypical analysis of complex 
physiological processes such as analysis of gene expression profiles and/or 
proteomes. For example, one may prepare the knock-out phenotypes of 
human genes in cultured cells which are assumed to be regulators of 
alternative splicing processes. Among these genes are particularly the 
members of the SR splicing factor family, e.g. ASF/SF2, SC35, SRp20, 
SRp40 or SRp55. Further, the effect of SR proteins on the mRNA profiles 
of predetermined alternatively spliced genes such as CD44 may be analy- 
sed. Preferably the analysis is carried out by high-throughput methods 
using oligonucleotide based chips. 

Using RNAi based knockout technologies, the expression of an endoge- 
neous target gene may be inhibited in a target cell or a target organism. 
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The endogenous gene may be complemented by an. exogeneous target 
nucleic acid coding for the target protein or a variant or mutated form of 
the target protein, e.g. a gene or a cDNA, which may optionally be fused 
to a further nucleic acid sequence encoding a detectable peptide or poly- 
peptide, e.g. an affinity tag, particularly a multiple affinity tag. Variants or 
mutated forms of the target gene differ from the endogeneous target gene 
in that they encode a gene product which differs from the endogeneous 
gene product on the amino acid level by substitutions, insertions and/or 
deletions of single or multiple amino acids. The variants or mutated forms 
may have the same biological activity as the endogeneous target gene. On 
the other hand, the variant or mutated target gene may also have a biologi- 
cal activity, which differs from the biological activity of the endogeneous 
target gene, e.g. a partially deleted activity, a completely deleted activity, 
an enhanced activity etc. 

The complementation may be accomplished by coexpressing the polypep- 
tide encoded by the exogeneous nucleic acid, e.g. a fusion protein com- 
prising the target protein and the affinity tag and the double stranded RNA 
molecule for knocking out the endogeneous gene in the target cell. This 
coexpression may be accomplished by using a suitable expression vector 
expressing both the polypeptide encoded by the exogeneous nucleic acid, 
e.g. the tag-modified target protein and the double stranded RNA molecule 
or alternatively by using a combination of expression vectors. Proteins and 
protein complexes which are synthesized de novo in the target cell will 
contain the exogeneous gene product, e.g. the modified fusion protein. In 
order to avoid suppression of the exogeneous gene product expression by 
the RNAi duplex molecule, the nucleotide sequence encoding the exoge- 
neous nucleic acid may be altered on the DNA level (with or without cau- 
sing mutations on the amino acid level) in the part of the sequence which 
is homologous to the double stranded RNA molecule. Alternatively, the 
endogeneous target gene may be complemented by corresponding nucleo- 
tide sequences from other species, e.g. from mouse. 
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Preferred applications for the cell or organism of the invention is the analy- 
sis of gene expression profiles and/or proteomes. In an especially preferred 
embodiment an analysis of a variant or mutant form of one or several 
target proteins is carried out, wherein said variant or mutant forms are 
reintroduced into the cell or organism by an exogeneous target nucleic acid 
as described above. The combination of knockout of an endogeneous gene 
and rescue by using mutated, e.g. partially deleted exogeneous target has 
advantages compared to the use of a knockout cell. Further, this method 
is particularly suitable for identifying functional domains of the target 
protein. In a further preferred embodiment a comparison, e.g. of gene 
expression profiles and/or proteomes and/or phenotypic characteristics of 
at least two cells or organisms is carried out. These organisms are selected 
from: 

(i) a control cell or control organism without target gene inhibition, 

(ii) a cell or organism with target gene inhibition and 

(iii) a cell or organism with target gene inhibition plus target gene com- 
plementation by an exogeneous target nucleic acid. 

The method and cell of the invention are also suitable in a procedure for 
identifying and/or characterizing pharmacological agents, e.g. identifying 
new pharmacological agents from a collection of test substances and/or 
characterizing mechanisms of action and/or side effects of known pharma- 
cological agents. 

Thus, the present invention also relates to a system for identifying and/or 
characterizing pharmacological agents acting on at least one target protein 
comprising: 

(a) a eukaryotic celJ or a eukaryotic non-human organism capable of 
expressing at least one endogeneous target gene coding for said 
target protein, 

(b) at least one double-stranded RNA molecule capable of inhibiting the 
expression of said at least one endogeneous target gene, and 
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(c) a test substance or a collection of test substances wherein pharma- 
cological properties of said test substance or said collection are to 
be identified and/or characterized. 

Further, the system as described above preferably comprises: 

(d) at least one exogeneous target nucleic acid coding for the target 
protein or a variant or mutated form of the target protein wherein 
said exogeneous target nucleic acid differs from the endogeneous 
target gene on the nucleic acid level such that the expression of the 
exogeneous target nucleic acid is substantially less inhibited by the 
double stranded RNA molecule than the expression of the endoge- 
neous target gene. 

Furthermore, the RNA knockout complementation method may be used for 
preparative purposes, e.g. for the affinity purification of proteins P r protein 
complexes from eukaryotic cells, particularly mammalian cells and more 
particularly human cells. In this embodiment of the invention, the exoge- 
neous target nucleic acid preferably codes for a target protein which is 
fused to an affinity tag. 

The preparative method may be employed for the purification of high 
molecular weight protein complexes which preferably have a mass of St 
150 kD and more preferably of £ 500 kD and which optionally may con- 
tain nucleic acids such as RNA. Specific examples are the heterotrimeric 
protein complex consisting of the 20 kD, 60 kD and 90 kD proteins of the 
U4/U6 snRNP particle, the splicing factor SF3b from the 1 7S 112 snRNP 
consisting of 5 proteins having molecular weights of 14, 49, 120, 145 and 
155 kD and the 25S U4/U6/U5 tri-snRNP particle containing the U4, U5 
and U6 snRNA molecules and about 30 proteins, which has a molecular 
weight of about 1.7 MD. 
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This method is suitable for functional proteome analysis in mammalian 
cells, particularly human cells. 

Further, the present invention is explained in more detail in the following 
figures and examples. 

Figure Legends 

Figure 1: Double-stranded RNA as short as 38 bp can mediate RNAi. 
(A) Graphic representation of dsRNAs used for targeting Pp-luc mRNA. 
Three series of blunt-ended dsRNAs covering a range of 29 to 504 bp were 
prepared. The position of the first nucleotide of the sense strand of the 
dsRNA is indicated relative to the start codon of Pp-luc mRNA (pi). (B) 
RNA interference assay (Tuschl et al., 1999). Ratios of target Pp-luc to 
control Rr-luc activity were normalized to a buffer control (black bar). 
DsRNAs (5 nM) were preincubated in Drosophila iysate for 15 min at 25°C 
prior to the addition of 7-methyl-guanosine-capped Pp-luc and Rr-luc 
mRNAs (-50 pM). The incubation was continued for another hour and 
then analyzed by the dual luciferase assay (Promega). The data are the 
average from at least four independent experiments ± standard deviation. 

Figure 2: A 29 bp dsRNA is no longer processed to 21-23 nt fragments. 
Time course of 21-23 mer formation from processing of internally 32 P- 
labeled dsRNAs (5 nM) in the Drosophila Iysate. The length and source of 
the dsRNA are indicated. An RNA size marker (M) has been loaded in the 
left lane and the fragment sizes are indicated. Double bands at time zero 
are due to incompletely denatured dsRNA. 

Figure 3: Short dsRNAs cleave the mRNA target only once. 
(A) Denaturing gel electrophoreses of the stable 5' cleavage products 
produced by 1 h incubation of 10 nM sense or antisense RNA 32 P-labeled 
at the cap with 10 nM dsRNAs of the pi 33 series in Drosophila Iysate. 
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Length markers were generated by partial nuclease T1 digestion and partial 
alkaline hydrolysis (OH) of the cap-labeled target RNA. The regions 
targeted by the dsRNAs are indicated as black bars on both sides. The 20- 
23 nt spacing between the predominant cleavage sites for the 1 1 1 bp long 
dsRNA is shown. The horizontal arrow indicates unspecific cleavage not 
due to RNAi. (B) Position of the cleavage sites on sense and antisense 
target RNAs. The sequences of the capped 177 nt sense and 180 nt 
antisense target RNAs are represented in antiparallel orientation such that 
complementary sequence are opposing each other. The region targeted by 
the different dsRNAs are indicated by differently colored bars positioned 
between sense and antisense target sequences. Cleavage sites are 
indicated by circles: large circle for strong cleavage, small circle for weak 
cleavage. The 32 P-radiolabeled phosphate group is marked by an asterisk. 

Figure 4: 21 and 22 nt RNA fragments are generated by an RNase Ill-like 
mechanism. 

(A) Sequences of -21 nt RNAs after dsRNA processing. The -21 nt RNA 
fragments generated by dsRNA processing were directionally cloned and 
sequenced. Oligoribonucleotides originating from the sense strand of the 
dsRNA are indicated as blue lines, those originating from the antisense 
strand as red lines. Thick bars are used if the same sequence was present 
in multiple clones, the number at the right indicating the frequency. The 
target RNA cleavage sites mediated by the dsRNA are indicated as orange 
circles, large circle for strong cleavage, small circle for weak cleavage (see 
Figure 3B). Circles on top of the sense" strand indicated cleavage sites 
within the sense target and circles at the bottom of the dsRNA indicate 
cleavage site in the antisense target. Up to five additional nucleotides were 
identified in -21 nt fragments derived from the 3' ends of the dsRNA. 
These nucleotides are random combinations of predominantly C, G, or A 
residues and were most likely added in an untemplated fashion during T7 
transcription of the dsRNA-constituting strands. (B) Two-dimensional TIC 
analysis of the nucleotide composition of -21 nt RNAs. The -21 nt RNAs 
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were generated by incubation of internally radiolabeled 504 bp Pp-luc 
dsRNA in Drosophila lysate, gel-purified, and then digested to mononucleo- 
tides with nuclease P1 (top row) or ribonuclease T2 (bottom row). The 
dsRNA was internally radiolabeled by transcription in the presence of one 
of the indicated a- 32 P nucleoside triphosphates. Radioactivity was detected 
by phosphorimaging. Nucleoside 5'-monophosphates, nucleoside 3'-mono- 
phosphates, nucleoside 5\3'-diphosphates, and inorganic phosphate are 
indicated as pN, Np, pNp, and p { , respectively. Black circles indicate UV- 
absorbing spots from non-radioactive carrier nucleotides. The 3\5'-bis- 
phosphates (red circles) were identified by co-migration with radiolabeled 
standards prepared by 5'-phosphorylation of nucleoside 3'-mono- 
phosphates with T4 polynucleotide kinase and k- 32 P~ATP. 

Figure 5: Synthetic 21 and 22 nt RNAs Mediate Target RNA Cleavage. 
(A) Graphic representation of control 52 bp dsRNA and synthetic 21 and 
22 nt dsRNAs. The sense strand of 21 and 22 nt short interfering RNAs 
(siRNAs) is shown blue, the antisense strand in red. The sequences of the 
siRNAs were derived from the cloned fragments of 52 and 1 1 1 bp dsRNAs 
(Figure 4A), except for the 22 nt antisense strand of duplex 5. The siRNAs 
in duplex 6 and 7 were unique to the 1 1 1 bp dsRNA processing reaction. 
The two 3' overhanging nucleotides indicated in green are present in the 
sequence of the synthetic antisense strand of duplexes 1 and 3. Both 
strands of the control 52 bp dsRN A were prepared by in vitro transcription 
and a fraction of transcripts may contain untemplated 3' nucleotide 
addition. The target RNA cleavage sites directed by the siRNA duplexes are 
indicated as orange circles (see legend to Figure 4A) and were determined 
as shown in Figure 5B. (B) Position of the cleavage sites on sense and 
antisense target RNAs. The target RNA sequences are as described in 
Figure 3B. Control 52 bp dsRNA (10 nM) or 21 and 22 nt RNA duplexes 1- 
7 (100 nM) were incubated with target RNA for 2.5 h at 25°C in Droso- 
phila lysate. The stable 5' cleavage products were resolved on the gel. The 
cleavage sites are indicated in Figure 5A. The region targeted by the 52 bp 
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dsRNA or the sense (s) or antisense (as) strands are indicated by the black 
bars to the side of the gel. The cleavage sites are all located within the 
region of identity of the dsRNAs. For precise determination of the cleavage 
sites of the antisense strand, a lower percentage gel was used. 

Figure 6; Long 3' overhangs on short dsRNAs inhibit RNAi. 
(A) Graphic representation of 52 bp dsRIMA constructs. The 3' extensions 
of sense and antisense strand are indicated in blue and red, respectively. 
The observed cleavage sites on the target RNAs are represented as orange 
circles analogous to Figure 4A and were determined as shown in Figure 
6B. (B) Position of the cleavage sites on sense and antisense target RNAs. 
The target RNA sequences are as described in Figure 3B. DsRNA (10 nM) 
was incubated with target RNA for 2.5 h at 25°C in Drosophila lysate. The 
stable 5' cleavage products were resolved on the gel. The major cleavage 
sites are indicated with a horizontal arrow and also represented in Figure 
6A. The region targeted by the 52 bp dsRNA is represented as black bar at 
both sides of the gel. 

Figure 7: Proposed Model for RNAi. 

RNAi is predicted to begin with processing of dsRNA (sense strand in 
black, antisense strand in red) to predominantly 21 and 22 nt short inter- 
fering RNAs (siRNAs). Short overhanging 3' nucleotides, if present on the 
dsRNA, may be beneficial for processing of short dsRNAs. The dsRNA- 
processing proteins, which remain to be characterized, ere represented as 
green and blue ovals, and assembled on the dsRNA in asymmetric fashion. 
In our model, this is illustrated by binding of a hypothetical blue protein or 
protein domain with the siRNA strand in 3' to 5' direction while the hypo- 
thetical green protein or protein domain is always bound to the opposing 
siRNA strand. These proteins or a subset remain associated with the siRNA 
duplex and preserve its orientation as determined by the direction of the 
dsRNA processing reaction. Only the siRNA sequence associated with the 
blue protein is able to guide target RNA cleavage. The endonuclease com- 
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plex is referred to as small interfering ribonucleoprotein complex or siRNP. 
It is presumed here, that the endonuclease that cleaves the dsRNA may 
also cleave the target RNA, probably by temporarily displacing the passive 
siRNA strand not used for target recognition. The target RNA is then 
cleaved in the center of the region recognized by the sequence-complemen- 
tary guide siRNA. 

Figure 8: Reporter constructs and siRNA duplexes. 

(a) The firefly (Pp-luc) and sea pansy (Rr-luc) luciferase reporter gene re- 
gions from plasmids pGL2-Control, pGL-3-COntrol and pRL-TK (Promega) 
are illustrated. SV40 regulatory elements, the HSV thymidine kinase pro- 
moter and two introns (lines) are indicated. The sequence of GL3 luciferase 
is 95% identical to GL2, but RL is completely unrelated to both. Luciferase 
expression from pGL2 is approx. 10-fold lower than from pGL3 in traos- 
fected mammalian cells. The region targeted by the siRNA duplexes is 
indicated as black bar below the coding region of the luciferase genes, (b) 
The sense (top) and antisense (bottom) sequences of the siRNA duplexes 
targeting GL2, GL3 and RL luciferase are shown. The GL2 and GL3 siRNA 
duplexes differ by only 3 single nucleotide substitutions (boxed in gray). As 
unspecific control, a duplex with the inverted GL2 sequence, invGL2, was 
synthesized. The 2 nt 3' overhang of 2'-deoxythymidine is indicated as TT; 
uGL2 is similar to GL2 siRNA but contains ribo-uridine 3' overhangs. 

Figure 9: RNA interference by siRNA duplexes. 

Ratios of target control luciferase were normalized to a buffer control (bu, 
black bars); gray bars indicate ratios of Photinus pyratis (Pp-luc) GL2 or 
GL3 luciferase to Renf/la reniform/s (Rr-luc) RL luciferase (left axis), white 
bars indicate RL to GL2 or GL3 ratios (right axis). Panels a, c, e, g and i 
describe experiments performed with the combination of pGL2-Control and 
pRL-TK reporter plasmids, panels b, d, f, h and j with pGL3-Control and 
pRL-TK reporter plasmids. The cell line used for the interference experiment 
is indicated at the top of each plot. The ratios of Pp-luc/Rr-luc for the 
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buffer control (bu) varied between 0.5 and 10 for pGL2/pRL and between 
0.03 and 1 for pGL3/pRL, respectively, before normalization and between 
the various cell lines tested. The plotted data were averaged from three 
independent experiments ± S.D. 

Figure 10: Effects of 21 nt siRNA, 50 bp and 500 bp dsRNAs on Juciferase 
expression in HeLa cells. 

The exact length of the long dsRNAs is indicated below the bars. Panels a, 
c and e describe experiments performed with pGL2-Control and pRL-TK 
reporter plasmids, panels b, d and f with pGL3-Control and pRL-TK reporter 
plasmids. The data were averaged from two independent experiments ± 
S.D. (a), (b) Absolute Pp-luc expression, plotted in arbitrary luminescence 
units, (c), (d) RHuc expression, plotted in arbitrary luminescence units, (e), 
(f) Ratios of normalized target to control luciferase. The ratios of luciferase 
activity for siRNA duplexes were normalized to a buffer control (bu, black 
bars); the luminescence ratios for 50 or 500 bp dsRNAs were normalized 
to the respective ratios observed for 50 and 500 bp dsRNA from humani- 
zed GFP (hG, black bars). It should be noted that the overall differences in 
sequences between the 49 and 484 bp dsRNAs targeting GL2 and GL3 are 
not sufficient to confer specificity between GL2 and GL3 targets (43 nt 
uninterrupted identity in 49 bp segment, 239 nt longest uninterrupted 
identity in 484 bp segment). 

Figure 11: Variation of the 3' overhang of duplexes of 21 -nt siRNAs. 
(A) Outline of the experimental strategy. The capped and polyadenylated 
sense target mRNA is depicted and the relative positions of sense and 
antisense siRNAs are shown. Eight series of duplexes, according to the 
eight different antisense strands were prepared. The siRNA sequences and 
the number of overhanging nucleotides were changed in 1-nt steps. (B) 
Normalized relative luminescence of target luciferase (Photinus pyralis, Pp- 
luc) to control luciferase (Renilla reniformis, Rr-luc) in D. melanogaster 
embryo lysate in the presence of 5 nM blunt-ended dsRNAs. The lumi- 
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nescence ratios determined in the presence of dsRNA were normalized to 
the ratio obtained for a buffer control (bu, black bar)* Normalized ratios less 
than 1 indicate specific interference. (C-J) Normalized interference ratios 
for eight series of 21-nt siRNA duplexes. The sequences of siRNA duplexes 
are depicted above the bar graphs. Each panel shows the interference ratio 
for a set of duplexes formed with a given antisense guide siRNA and 5 
different sense siRNAs. The number of overhanging nucleotides (3' over- 
hang, positive numbers; 5' overhangs, negative numbers) is indicated on 
the x-axis. Data points were averaged from at least 3 independent experi- 
ments, error bars represent standard deviations. 

Figure 12: Variation of the length of the sense strand of siRNA duplexes. 

(A) Graphic representation of the experiment. Three 21-nt antisense 
strands were paired with eight sense siRNAs. The siRNAs were changed in 
length at their 3' end. The 3' overhang of the antisense siRNA was 1-nt 

(B) , 2-nt (C), or 3-nt (D) while the sense siRNA overhang was varied for 
each series. The sequences of the siRNA duplexes and the corresponding 
interference ratios are indicated. 

Figure 13: Variation of the length of siRNA duplexes with preserved 2-nt 3' 
overhangs. 

(A) Graphic representation of the experiment. The 21-nt siRNA duplex is 
identical in sequence to the one shown in Figure 1 1H or 12C. The siRNA 
duplexes were extended to the 3' side of the sense siRNA (B) or the 5 r 
side of the sense siRNA (C). The siRNA duplex sequences and the respec- 
tive interference ratios are indicated. 

Figure 14: Substitution of the 2'-hydroxyl groups of the siRNA ribose 
residues. 

The 2'-hydroxyl groups (OH) in the strands of siRNA duplexes were repla- 
ced by 2'-deoxy (d) or 2'-0-methyl (Me). 2-nt and 4-nt 2'-deoxy substitu- 
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tions at the 3'-ends are indicated as 2-nt d and 4-nt d, respectively. Uridine 
residues were replaced by 2'-deoxy thymidine. 

figure 15: Mapping of sense and antisense target RNA cleavage by 21 -nt 
siRNA duplexes with 2-nt 3' overhangs. 

(A) Graphic representation of 32P (asterisk* cap-labelled sense and ami- 
sense target RNAs and siRNA duplexes. The position of sense and anti- 
sense target RNA cleavage is indicated by triangles on top and below the 
siRNA duplexes, respectively. (B) Mapping of target RNA cleavage sites. 
After 2 h incubation of 10 nM target with 100 nM siRNA duplex in D. 
melanogaster embryo Jysate, the 5' cap-labelled substrate and the 5' 
cleavage products were resolved on sequencing gels. Length markers were 
generated by partial RNase T1 digestion (T1) and partial alkaline hydrolysis 
(OH-) of the target RNAs. The bold lines to the left of the images indicate 
the region covered by the siRNA strands 1 and 5 of the same orientation 
as the target. 

Figure 16: The 5' end of a guide siRNA defines the position of target RNA 
cleavage. 

(A, B) Graphic representation of the experimental strategy. The antisense 
siRNA was the same in all siRNA duplexes, but the sense strand was 
varied between 18 to 25 nt by changing the 3' end (A) or 18 to 23 nt by 
changing the 5' end (B). The position of sense and antisense target RNA 
cleavage is indicated by triangles on top and below the siRNA duplexes, 
respectively. (C, D) Analysis of target RNA cleavage using cap-labelled 
sense (top panel) or antisense (bottom pane!) target RNAs. Only the cap- 
labelled 5' cleavage products are shown. The sequences of the siRNA 
duplexes are indicated, and the length of the sense siRNA strands is mar- 
ked on top of the panel. The control lane marked with a dash in panel (C) 
shows target RNA incubated in absence of siRNAs. Markers were as 
described in Figure 1 5. The arrows in (D), bottom panel, indicate the target 
RNA cleavage sites that differ by 1 nt. 
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Figure 17: Sequence variation of the 3' overhang of siRNA duplexes. 
The 2-nt 3' overhang (NN, in gray) was changed in sequence and composi- 
tion as indicated (T, 2'-deoxythymidine, dG, 2'-deoxyguanosine; asterisk, 
wild-type siRN A duplex) . Normalized interference ratios were determined as 
described in Figure 1 1 . The wild-type sequence is the same as depicted in 
Figure 14. 

Figure 18: Sequence specificity of target recognition. 
The sequences of the mismatched siRNA duplexes are shown, modified 
sequence segments or single nucleotides are underlayed in gray. The 
reference duplex (ref) and the siRNA duplexes 1 to 7 contain 2'-deoxythy- 
midine 2-nt overhangs. The silencing efficiency of the thymidine-modified 
reference duplex was comparable to the wild-type sequence (Figure 17). 
Normalized interference ratios were determined as described in Figure 1 1 . 

Figure 19: Variation of the length of siRNA duplexes with preserved 2-nt 3' 
overhangs. 

The siRNA duplexes were extended to the 3' side of the sense siRNA (A) 
or the 5' side of the sense siRNA (BK The siRNA duplex sequences and the 
respective interference ratios are indicated. For HeLa SS6 cells, siRNA 
duplexes (0.84^/g) targeting GL2 luciferase were transfected together with 
pGL2-Control and pRL-TK plasmids. For comparison, the in vitro RNAi 
activities of siRNA duplexes tested in D. melanogaster lysate are indicated. 

Example 1 

RNA Interference Mediated by Small Synthetic RNAs 
1.1. Experimental Procedures 
1.1.1 In Vitro RNAi 

In vitro RNAi and lysate preparations were performed as described 
previously (Tuschl et al., 1999; Zamore et al., 2000). It is critical to use 
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freshly dissolved creatine kinase (Roche} for optimal ATP regeneration. The 
RNAi translation assays (Fig. 1) were performed with dsRNA concentra- 
tions of S nM end an extended pre-incubation period of 15 min at 25°C 
prior to the addition of in vitro transcribed, capped and polyadenylated Pp- 
luc and Rr-luc reporter mRNAs. The incubation was continued for 1 h and 
the relative amount of Pp-luc and RHuc protein was analyzed using the 
dual luciferase assay (Promega) and a Monolight 301 OC luminometer 
(PharMingen). 

1.1.2 RNA Synthesis 

Standard procedures were used for in vitro transcription of RNA from PCR 
templates carrying T7 or SP6 promoter sequences, see for example (Tuschl 
et a!., 1998). Synthetic RNA was prepared using Expedite RNA phosphor- 
amidites (Proligo). The 3' adapter oligonucleotide was synthesized using 
dimethoxytrityl-1,4-benzenedimethanol-succinyl-aminopropyl-CPG. The 
oligoribonucleotides were deprotected in 3 ml of 32% ammonia/ethanol 
(3/1) for 4 h at 55°C (Expedite RNA) or 16 h at 55°C (3' and 5' adapter 
DNA/RNA chimeric oligonucleotides) and then desilylated and gel-purified 
as described previously (Tuschl et aL, 1993). RNA transcripts for dsRNA 
preparation including long 3' overhangs were generated from PCR tem- 
plates that contained a T7 promoter In sense and an SP6 promoter in 
antisense direction. The transcription template for sense and antisense 
target RNA was PCR-amplified with 
GCGTAATACGACTCACTATAGAACAATTGCTTTTACAG (underlined, T7 
promoter) as 5' primer and 
ATTTAGGTGACACTATAGGCATAAAGAATTGAAGA (underlined, SP6 
promoter) as 3' primer and the linearized Pp-luc plasmid (pGEM-luc 
sequence) (Tuschl et al„ 1 999) as template; the T7-transcribed sense RNA 
was 177 nt long with the Pp-luc sequence between pas. 1 13-273 relative 
to the start codon and followed by 1 7 nt of the complement of the SP6 
promoter sequence at the 3' end. Transcripts for blunt-ended dsRNA 
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formation ware prepared by transcription from two different PCR products 
which only contained a single promoter sequence, 

DsRNA annealing was carried out using a phenol/chloroform extraction. 
Equimolar concentration of sense and antisense RNA (50 nM to 10 jjM, 
depending on the length and amount available) in 0.3 M NaOAc (pH 6) 
were incubated for 30 s at 90°C and then extracted at room temperature 
with an equal volume of phenol/chloroform, and followed by a chloroform 
extraction to remove residual phenol. The resulting dsRNA was precipitated 
by addition of 2.5-3 volumes of ethanol. The pellet was dissolved in lysis 
buffer (100 mM KCI, 30 mM HEPES-KOH, pH 7.4, 2 mM Mg(OAc) 2 ) and 
the quality of the dsRNA was verified by standard agarose gel electro- 
phoreses in 1 x TAE-buffer. The 52 bp dsRNAs with the 1 7 nt and 20 nt 3' 
overhangs (Figure 6) were annealed by incubating for 1 min at 95 °C, then 
rapidly cooled to 70°C and followed by slow cooling to room temperature 
over a 3 h period (50 y\ annealing reaction, 1 /sM strand concentration, 
300 mM NaCI, 10 mM Tris-HCI, pH 7.5). The dsRNAs were then phenol/ 
chloroform extracted, ethanol-precipitated and dissolved in lysis buffer. 

Transcription of internally 32 P-radiolabeled RNA used for dsRNA preparation 
(Figures 2 and 4) was performed using 1 mM ATP, CTP, GTP, 0.1 or 0.2 
mM UTP, and 0.2-0.3 jjM - 32 P-UTP (3000 Ci/mmol), or the respective ratio 
for radiolabeled nucleoside triphosphates other than UTP. Labeling of the 
cap of the target RNAs was performed as described previously. The target 
RNAs were gel-purified after cap-labeling. 

1.1.3 Cleavage Site Mapping 

Standard RNAi reactions were performed by pre-incubating 10 nM dsRNA 
for 15 min followed by addition of 10 nM cap-labeled target RNA. The 
reaction was stopped after a further 2 h (Figure 2A) or 2.5 h incubation 
(Figure 5B and 6B) by proteinase K treatment (Tuschl et al., 1999). The 
samples were then analyzed on 8 or 10% sequencing gels. The 21 and 22 
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nt synthetic RNA duplexes were used at 100 nM final concentration (Fig 
5B). 

1.1.4 Cloning of -21 nt RNAs 

The 21 nt RNAs were produced by incubation of radiolabeled dsRNA in 
Drosophila lysate in absence of target RNA (200 //I reaction, 1 h incuba- 
tion, 50 nM dsP1 11, or 100 nM dsP52 or dsP39). The reaction mixture 
was subsequently treated with proteinase K {Tuschl et aL. 1999) and the 
dsRNA-processing products were separated on a denaturing 15% po j y . 
acrylamide gel. A band, including a size range of at least 18 to 24 nt, was 
excised, eluted into 0.3 M NaCI overnight at 4°C and in siliconized tubes. 
The RNA was recovered by ethanol-precipitation and dephosphorylated (30 
//I reaction, 30min, 50°C, 10 U alkaline phosphatase, Roche). The reaction 
was stopped by phenol/chloroform extraction and the RNA was ethanol- 
precipitated. The3' adapter oligonucleotide IpUUUaaccgcatccttctcx: upper- 
case. RNA; lowercase, DNA; p, phosphate; x, 4-hydroxymethylbenzyl) was 
then ligated to the dephosphorylated -21 nt RNA (20 //I reaction, 30 min, 
37°C, 5 pM 3' adapter, 50 mM Tris-HCI, pH 7.6, 10 mM MgCI 2 , 0.2 mM 
ATP, 0.1 mg/ml acetylated BSA. 15% DMSO. 25 U T4 RNA ligase, Amers- 
ham-Pharmacia) (Pan and Uhlenbeck, 1992). The ligation reaction was 
stopped by the addition of an equal volume of 8 M urea/50 mM EDTA 
stopmix and directly loaded on a 15% gel. Ligation yields were greater 
50%. The ligation product was recovered from the gel and 5*-phosphory- 
lated (20 //I reaction, 30 min, 37*C, 2 mM ATP, 5 U T4 polynucleotide 
kinase, NEB). The phosphorylation reaction was stopped by phenol/chloro- 
form extraction and RNA was recovered by ethanol-precipitation. Next, the 
5' adapter (tactaatacgactcactAAA: uppercase, RNA; lowercase, DNA) was 
ligated to the phosphorylated ligation product as described above. The new 
ligation product was gel-purified and eluted from the gel slice in the 
presence of reverse transcription primer 
( G A CTAG CTG GA ATTC A AGG ATGCG GTTA A A : bold, Eco Rl site) used as 
carrier. Reverse transcription ( 1 5 //I reaction. 30 min, 42°C, 150 U Super- 
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script II reverse transcriptase, Life Technologies) was followed by PCR 
using as 5' primer CAGCCAACGGAATTCATACGACTCACTAAA (bold, Eco 
Rl site) and the 3' RT primer. The PCR product was purified by phenol/ 
chloroform extraction and ethanol-precipitated. The PCR product was then 
digested with Eco Rl <NEB) and concatamerized using T4 DNA ligase (high 
cone, NEB). Concatamers of a size range of 200 to 800 bp were 
separated on a low-melt agarose gel, recovered from the gel by a standard 
melting and phenol extraction procedure, and ethanol-precipitated. The 
unpaired ends were filled in by incubation with Taq polymerase under 
standard conditions for 1 5 min at 72°C and the DNA product was directly 
ligated into the pCR2.1-TOPO vector using the TOPO TA cloning kit (Invi- 
trogen). Colonies were screened using PCR and M13-20 and M13 Reverse 
sequencing primers. PCR products were directly submitted for custom 
sequencing (Sequence Laboratories Gottingen GmbH, Germany). On aver- 
age, four to five 21mer sequences were obtained per clone. 

1.1.5 2D-TLC Analysis 

Nuclease P1 digestion of radiolabeled, gel-purified siRNAs and 2D-TLC was 
carried out as described (Zamore et al„ 2000). Nuclease T2 digestion was 
performed in 10 //I reactions for 3 h at 50°C in 10 mM ammonium acetate 
(pH 4.5) using 2//g//W earner tRNA and 30 U ribonuclease T2 (Life Techno- 
logies). The migration of non-radioactive standards was determined by UV 
shadowing. The identity of nucleoside-3' f 5'-disphosphates was confirmed 
by co-migration of the T2 digestion products with standards prepared by 
5'- 32 P-phosphorylation of commercial nucleoside 3'-monophosphates using 
K-32P-ATP and T4 polynucleotide kinase (data not shown). 
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1.2.1 Length Requirements for Processing of dsRNA to 21 and 22 nt RNA 
Fragments 

Lysate prepared from D. melanogaster syncytial embryos recapitulates 
RNAi in vitro providing a novel tool for biochemical analysis of the 
mechanism of RNAi (Tuschl et al., 1999; Zamore et ah, 2000). In vitro and 
in vivo analysis of the length requirements of dsRNA for RNAi has revealed 
that short dsRNA l< 150 bp) are less effective than longer dsRNAs in 
degrading target mRNA (Caplen et al., 2000; Hammond et al., 2000; Ngo 
et al., 1998); Tuschl et al., 1999). The reasons for reduction in mRNA 
degrading efficiency are not understood. We therefore examined the pre- 
cise length requirement of dsRNA for target RNA degradation under opti- 
mized conditions in the Drosophila lysate (Zamore et aL, 2000). Several 
series of dsRNAs were synthesized and directed against firefly luciferase 
(Pp-luc) reporter RNA. The specific suppression of target RNA expression 
was monitored by the dual luciferase assay (Tuschl et al., 1999) (Figures 
1 A and 1B). We detected specific inhibition of target RNA expression for 
dsRNAs as short as 38 bp, but dsRNAs of 29 to 36 bp were not effective 
in this process. The effect was independent of the target position and the 
degree of inhibition of Pp-luc mRNA expression correlated with the length 
of the dsRNA, i.e. long dsRNAs were more effective than short dsRNAs. 

It has been suggested that the 21-23 nt RNA fragments generated by 
processing of dsRNAs are the mediators of RNA interference and co- 
suppression (Hamilton and Baulcombe, 1999; Hammond et al., 2000; 
Zamore et al., 2000). We therefore analyzed the rate of 21-23 nt fragment 
formation for a subset of dsRNAs ranging in size between 501 to 29 bp. 
Formation of 21-23 nt fragments in Drosophila lysate (Figure 2) was readily 
detectable for 39 to 501 bp long dsRNAs but was significantly delayed for 
the 29 bp dsRNA. This observation is consistent with a role of 21-23 nt 
fragments in guiding mRNA cleavage and provides an explanation for the 
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lack of RNAi by 30 bp dsRNAs. The length dependence of 21-23 mer 
formation is likely to reflect a biologically relevant control mechanism to 
prevent the undesired activation of RNAi by short intramolecular base- 
paired structures of regular cellular RNAs. 

1.2.2 39 bp dsRNA Mediates Target RIMA Cleavage at a Single Site 
Addition of dsRNA and 5'-capped target RNA to the Drosophila lysate 
results in sequence-specific degradation of the target RNA (Tuschl et al., 

1999) . The target mRNA is only cleaved within the region of identity with 
the dsRNA and many of the target cleavage sites were separated by 21-23 
nt (Zamore et ah, 2000). Thus, the number of cleavage sites for a given 
dsRNA was expected to roughly correspond to the length of the dsRNA 
divided by 21. We mapped the target cleavage sites on a sense and an 
antisense target RNA which was 5' radiolabeled at the cap (Zamore et al,, 

2000) (Figures 3 A and 3B). Stable 5' cleavage products were separated on 
a sequencing gel and the position of cleavage was determined by 
comparison with a partial RNase T1 and an alkaline hydrolysis ladder from 
the target RNA. 

Consistent with the previous observation (Zamore et a!., 2000), all target 
RNA cleavage sites were located within the region of identity to the 
dsRNA. The sense or the antisense traget was only cleaved once by 39 bp 
dsRNA. Each cleavage site was located 10 nt from the 5' end of the region 
covered by the dsRNA (Figure 3B). The 52 bp dsRNA, which shares the 
same 5' end with the 39 bp dsRNA, produces the same cleavage site on 
the sense target, located 10 nt from the 5' end of the region of identity 
with the dsRNA, in addition to two weaker cleavage sites 23 and 24 nt 
downstream of the first site. The antisense target was only cleaved once, 
again 10 nt from the 5' end of the region covered by its respective dsRNA. 
Mapping of the cleavage sites for the 38 to 49 bp dsRNAs shown in Figure 
1 showed that the first and predominant cleavage site was always located 
7 to 10 nt downstream of the region covered by the dsRNA (data not 
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shown). This suggests that the point of target RNA cleavage is determined 
by the end of the dsRNA and could imply that processing to 21-23 mers 
starts from the ends of the duplex. 

Cleavage sites on sense and antisense target for the longer 1 1 1 bp dsRNA 
were much more frequent than anticipated and most of them appear in 
clusters separated by 20 to 23 nt {Figures 3 A and 3B). As for the shorter 
dsRNAs, the first cleavage site on the sense target is 10 nt from the 5' end 
of the region spanned by the dsRNA; and the first cleavage site on the 
antisense target is located 9 nt from the 5' end of region covered by the 
dsRNA. It is unclear what causes this disordered cleavage, but one possi- 
bility could be that longer dsRNAs may not only get processed from the 
ends but also internally, or there are some specificity determinants for 
dsRNA processing which we do not yet understand. Some irregularities to 
the 21-23 nt spacing were also previously noted (Zamore et a!., 2000). To 
better understand the molecular basis of dsRNA processing and target RNA 
recognition, we decided to analyze the sequences of the 21-23 nt frag- 
ments generated by processing of 39, 52, and 1 1 1 bp dsRNAs in the 
Drosophila lysate. 

1.2.3 dsRNA is Processed to 21 and 22 nt RNAs by an RNase Ill-Like 
Mechanism 

In order to characterize the 21-23 nt RNA fragments we examined the 5' 
and 3' termini of the RNA fragments. Periodate oxidation of gel-purified 21 - 
23 nt RNAs followed by fc-elimination indicated the presence of a terminal 
2' and 3' hydroxyl groups. The 21-23 mers were also responsive to alka- 
line phosphatase treatment indicating the presence of a 5' terminal phos- 
phate group. The presence of 5' phosphate and 3' hydroxyl termini 
suggests that the dsRNA could be processed by an enzymatic activity 
similar to E. coli RNase III {for reviews, see (Dunn, 1982; Nicholson, 1999; 
Robertson, 1990; Robertson, 1982)). 
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Directional cloning of 21-23 nt RNA fragments was performed by ligation 
of a 3' and 5' adapter oligonucleotide to the purified 21-23 mers using T4 
RNA ligase. The ligation products were reverse transcribed, PCR-amplified, 
concatamerized, cloned, and sequenced. Over 220 short RNAs were 
sequenced from dsRIMA processing reactions of the 39, 52 and 1 11 bp 
dsRNAs (Figure 4A). We found the following length distribution: 1 % 1 8 nt, 
5% 19 nt, 12% 20 nt, 45% 21 nt, 28% 22 nt, 6% 23 nt, and 2% 24 nt. 
Sequence analysis of the 5' terminal nucleotide of the processed fragments 
indicated that oligonucleotides with a 5' guanosine were underrepresented. 
This bias was most likely introduced by T4 RNA ligase which discriminates 
against 5' phosphorylated guanosine as donor oligonucleotide; no signifi- 
cant sequence bias was seen at the 3' end. Many of the —21 nt fragments 
derived from the 3' ends of the sense or antisense strand of the duplexes 
include 3' nucleotides that are derived from untemplated addition of nu- 
cleotides during RNA synthesis using T7 RNA polymerase. Interestingly, a 
significant number of endogenous Drosophila -21 nt RNAs were also 
cloned, some of them from LTR and non-LTR retrotransposons (data not 
shown). This is consistent with a possible role for RNAi in transposon 
silencing. 

The — 21 nt RNAs appear in clustered groups {Figure 4A) which cover the 
entire dsRNA sequences. Apparently, the processing reaction cuts the 
dsRNA by leaving staggered 3' ends, another characteristic of RNase III 
cleavage. For the 39 bp dsRNA, two clusters of —21 nt RNAs were found 
from each dsRNA-constituting strand including overhanging 3' ends, yet 
only one cleavage site was detected on the sense and antisense target 
(Figures 3A and 3B), If the —21 nt fragments were present as single- 
stranded guide RNAs in a complex that mediates mRNA degradation, it 
could be assumed that at least two target cleavage sites exist, but this 
was not the case. This suggests that the —21 nt RNAs may be present in 
double-stranded form in the endonuclease complex but that only one of the 
strands can be used for target RNA recognition and cleavage. The use of 
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only one of the ~ 21 nt strands for target cleavage may simply be deter- 
mined by the orientation in which the -21 nt duplex is bound to the nucle- 
ase complex. This orientation is defined by the direction in which the 
original dsRNA was processed. 

The -21mer clusters for the 52 bp and 1 1 1 bp dsRNA are less well de- 
fined when compared to the 39 bp dsRNA. The clusters are spread over 
regions of 25 to 30 nt most likely representing several distinct subpopula- 
tions of -21 nt duplexes and therefore guiding target cleavage at several 
nearby sites. These cleavage regions are still predominantly separated by 
20 to 23 nt intervals. The rules determining how regular dsRNA can be 
processed to -21 nt fragments are not yet understood, but it was previ- 
ously observed that the approx. 21-23 nt spacing of cleavage sites could 
be altered by a run of uridines (Zamore et al.. 2000). The specificity of 
dsRNA cleavage by E. coli RNase III appears to be mainly controlled by 
antideterminants, i.e. excluding some specific base-pairs at given positions 
relative to the cleavage site (Zhang and Nicholson, 1997). 

To test whether sugar-, base- or cap-modification were present in 
processed -21 nt RNA fragments, we incubated radiolabeled 505 bp Pp- 
luc dsRNA in lysate for 1 h, isolated the -21 nt products, and digested it 
with P1 or T2 nuclease to mononucleotides. The nucleotide mixture was. 
then analyzed by 2D thin-layer chromatography (Figure 4B). None of the 
four natural ribonucleotides were modified as indicated by PI or T2 di- 
gestion. We have previously analyzed adenosine to inosine conversion in 
the -21 nt fragments {after a 2 h incubation) and detected a small extent 
K0.7%) deamination (Zamore et al., 2000); shorter incubation in lysate 
(1 h) reduced this inosine fraction to barely detectable levels. RNase T2, 
which cleaves 3' of the phosphodiester linkage, produced nucleoside 3'- 
phosphate and nucleoside 3',5'-diphosphate, thereby indicating the pre- 
sence of a 5'-terminal monophosphate. All four nucleoside 3\5' -diphos- 
phates were detected and suggest that the internucleotidic linkage was 
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cleaved with little or no sequence-specificity. In summary, the ~21 nt 
fragments are unmodified and were generated from dsRNA such that 5'- 
monophosphates and 3'-hydroxyls were present at the 5'-end, 

1.2.4 Synthetic 21 and 22 nt RNAs Mediate Target RNA Cleavage 
Analysis of the products of dsRNA processing indicated that the -21 nt 
fragments are generated by a reaction with all the characteristics of an 
RNase III cleavage reaction (Dunn, 1982; Nicholson, 1999; Robertson, 
1990; Robertson, 1982). RNase III makes two staggered cuts in both 
strands of the dsRNA, leaving a 3' overhang of about 2 nt. We chemically 
synthesized 21 and 22 nt RNAs, identical in sequence to some of the 
cloned -21 nt fragments, and tested them for their ability to mediate 
target RNA degradation (Figures 5A and 5B). The 21 and 22 nt RNA du- 
plexes were incubated at 100 nM concentrations in the lysate, a 10-fold 
higher concentrations than the 52 bp control dsRNA. Under these condi- 
tions, target RNA cleavage is readily detectable. Reducing the concen- 
tration of 21 and 22 nt duplexes from 100 to 10 nM does still cause target 
RNA cleavage. Increasing the duplex concentration from 100 nM to 1000 
nM however does not further increase target cleavage, probably due to a 
limiting protein factor within the lysate. 

In contrast to 29 or 30 bp dsRNAs that did not mediate RNAi, the 21 and 
22 nt dsRNAs with overhanging 3' ends of 2 to 4 nt mediated efficient 
degradation of target RNA (duplexes 1, 3, 4, 6, Figures 5A and 5B). Blunt- 
ended 21 or 22 nt dsRNAs (duplexes 2, 5, and 7, Figures 5A and 5B) were 
reduced in their ability to degrade the target and indicate that overhanging 
3' ends are critical for reconstitution of the RNA-protein nuclease complex. 
The single-stranded overhangs may be required for high affinity binding of 
the — 21 nt duplex to the protein components. A 5' terminal phosphate, 
although present after dsRNA processing, was not required to mediate 
target RNA cleavage and was absent from the short synthetic RNAs. 
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The synthetic 21 and 22 nt duplexes guided cleavage of sense as well as 
antisense targets within the region covered by the short duplex. This is an 
important result considering that a 39 bp dsRNA, which forms two pairs of 
clusters of -21 nt fragments (Fig. 2), cleaved sense or antisense target 
only once and not twice. We interpret this result by suggesting that only 
one of two strands present in the -21 nt duplex is able to guide target 
RNA cleavage and that the orientation of the -21 nt duplex in the nu- 
clease complex is determined by the Initial direction of dsRNA processing. 
The presentation of an already perfectly processed -21 nt duplex to the in 
vitro system however does allow formation of the active sequence-specific 
nuclease complex with two possible orientations of the symmetric RNA 
duplex. This results in cleavage of sense as well as antisense target within 
the region of identity with the 21 nt RNA duplex. 

The target cleavage site is located 11 or 12 nt downstream of the first 
nucleotide that is complementary to the 21 or 22 nt guide sequence, i.e. 
the cleavage site is near center of the region covered by the 21 or 22 nt 
RNAs (Figures 4A and 4B). Displacing the sense strand of a 22 nt duplex 
by two nucleotides (compare duplexes 1 and 3 in Figure 5A) displaced the 
cleavage site of only the antisense target by two nucleotides. Displacing 
both sense and antisense strand by two nucleotides shifted both cleavage 
sites by two nucleotides (compare duplexes 1 and 4). We predict that it 
will be possible to design a pair of 21 or 22 nt RNAs to cleave a target 
RNA at almost any given position. 

The specificity of target RNA cleavage guided by 21 and 22 nt RNAs 
appears exquisite as no aberrant cleavage sites are detected (Figure 5B). It 
should however be noted, that the nucleotides present in the 3' overhang 
of the 21 and 22 nt RNA duplex may contribute less to substrate recog- 
nition than the nucleotides near the cleavage site. This is based on the 
observation that the 3' most nucleotide in the 3' overhang of the active 
duplexes 1 or 3 (Figure 5A) is not complementary to the target. A detailed 
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analysis of the specificity of RNAi can now be readily undertaken using 
synthetic 21 and 22 nt RNAs. 

Based on the evidence that synthetic 21 and 22 nt RNAs with overhanging 
3' ends mediate RNA interference, we propose to name the — 21 nt RNAs 
"short interfering RNAs" or siRNAs and the respective RNA-protein com- 
plex a "small interfering ribonucleoprotein particle" or siRNP. 

1.2.5 3' Overhangs of 20 nt on short dsRNAs inhibit RNAi 

We have shown that short blunt-ended dsRNAs appear to be processed 
from the ends of the dsRNA. During our study of the length dependence of 
dsRNA in RNAi, we have also analyzed dsRNAs with 1 7 to 20 nt overhang- 
ing 3' ends and found to our surprise that they were less potent than 
blunt-ended dsRNAs. The inhibitory effect of long 3' ends was particularly 
pronounced for dsRNAs up to 100 bp but was less dramatic for longer 
dsRNAs. The effect was not due to imperfect dsRNA formation based on 
native gel analysis (data not shown). We tested if the inhibitory effect of 
long overhanging 3' ends could be used as a tool to direct dsRNA process- 
ing to only one of the two ends of a short RNA duplex. 

We synthesized four combinations of the 52 bp mode) dsRNA, blunt- 
ended, 3' extension on only the sense strand, 3'-extension on only the 
antisense strand, and double 3' extension on both strands, and mapped 
the target RNA cleavage sites after incubation in lysate (Figures 6A and 
6B). The. first and predominant cleavage site of the sense target was lost 
when the 3' end of the antisense strand of the duplex was extended, and 
vice versa, the strong cleavage site of the antisense target was lost when 
the 3' end of sense strand of the duplex was extended. 3' Extensions on 
both strands rendered the 52 bp dsRNA virtually inactive. One explanation 
for the dsRNA inactivatron by —20 nt 3' extensions could be the associa- 
tion of single-stranded RNA-binding proteins which could interfere with the 
association of one of the dsRNA-processing factors at this end. This result 
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is also consistent with our model where only one of the strands of the 
siRNA duplex in the assembled siRNP is able to guide target RNA cleavage. 
The orientation of the strand that guides RNA cleavage is defined by the 
direction of the dsRNA processing reaction. It is likely that the presence of 
3' staggered ends may facilitate the assembly of the processing complex. 
A block at the 3' end of the sense strand will only permit dsRNA process- 
ing from the opposing 3' end of the antisense strand. This in turn 
generates siRNP complexes in which only the antisense strand of the 
siRNA duplex is able to guide sense target RNA cleavage. The same is true 
for the reciprocal situation. 

The less pronounced inhibitory effect of long 3' extensions in the case of 
longer dsRNAs (^500 bp, data not shown) suggests to us that long 
dsRNAs may also contain internal dsRNA-processing signals or may get 
processed cooperatively due to the association of multiple cleavage fac- 
tors. 

1.2.6 A Model for dsRNA-Directed mRNA Cleavage 

The new biochemical data update the model for how dsRNA targets mRNA 
for destruction {Figure 7). Double-stranded RNA is first processed to short 
RNA duplexes of predominantly 21 and 22 nt in length and with staggered 
3' ends similar to an RNase Ill-like reaction (Dunn, 1982; Nicholson, 1999; 
Robertson, 1982). Based on the 21-23 nt length of the processed RNA 
fragments it has already been speculated that an RNase Ill-like activity may 
be involved in RNAi {Bass, 2000). This hypothesis is further supported by 
the presence of 5' phosphates and 3' hydroxyls at the termini of the 
siRNAs as observed in RNase 111 reaction products {Dunn, 1 982; Nicholson, 
1999). Bacterial RNase III and the eukaryotic homologs Rntlp in S. cerevi- 
siae and Padp in S. pombe have been shown to function in processing of 
ribosomal RNA as well as snRNA and snoRNAs (see for example Chanfreau 
et al., 2000). 
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Little is known about the biochemistry of RNase III homologs from plants, 
animals or human. Two families of RNase III enzymes have been identified 
predominantly by database-guided sequence analysis or cloning of cDNAs. 
The first RNase III family is represented by the 1327 amino acid long D. 

5 melanogaster protein drosha (Acc. AF1 16572). The CMerminus is com- 
posed of two RNase III and one dsRNA-binding domain and the N-terminus 
is of unknown function. Close homologs are also found in C. elegans (Acc. 
AF1 60248) and human (Acc. AF18901 1) (Filippov et al., 2000; Wu et al., 
2000). The drosha-like human RNase III was recently cloned and charac- 

10 terized (Wu et al., 2000). The gene is ubiquitously expressed in human 
tissues and cell lines, and the protein is localized in the nucleus and the 
nucleolus of the cell. Based on results inferred from antisense inhibition 
studies, a role of this protein for rRNA processing was suggested. The 
second class is represented by the C. elegans gene K12H4.8 (Acc. 

is . S44849) coding for a 1 822 amino acid long protein. This protein has an N~ 
terminal RNA helicase motif which is followed by 2 RNase III catalytic 
domains and a dsRNA-binding motif, similar to the drosha RNase III family. 
There are close homologs in S. pombe (Acc. Q09884), A. thaliana (Acc, 
AF187317), D. melanogaster (Acc. AE003740), and human (Acc. 

20 AB028449) (Filippov et al., 2000; Jacobsen et al., 1999; Matsuda et al., 
2000). Possibly the K12H4.8 RNase lll/helicase is the likely candidate to be 
involved in RNAi. 

Genetic screens in C. elegans identified rde-1 and rde-4 as essential for 
25 activation of RNAi without an effect on transposon mobilization or co- 
suppression (Dernburg et al., 2000; Grishok et al., 2000; Ketting and 
Plasterk, 2000; Tabara et al., 1999). This led to the hypothesis that these 
genes are important for dsRNA processing but are not involved in mRNA 
target degradation. The function of both genes is as yet unknown, the rde- 
30 1 gene product is a member of a family of proteins similar to the rabbit 
protein elF2C (Tabara et al., 1 999), and the sequence of rde-4 has not yet 
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been described. Future biochemical characterization of these proteins 
should reveal their molecular function. 

Processing to the siRNA duplexes appears to start from the ends of both 
blunt-ended dsRNAs or dsRNAs with short (1-5 nt) 3' overhangs, and 
proceeds in approximately 21-23 nt steps. Long (-20 nt) 3' staggered 
ends on short dsRNAs suppress RNAi, possibly through interaction with 
single-stranded RNA-binding proteins. The suppression of RNAi by single- 
stranded regions flanking short dsRNA and the lack of siRNA formation 
from short 30 bp dsRNAs may explain why structured regions frequently 
encountered in mRNAs do not lead to activation of RNAi. 

Without wishing to be bound by theory, we presume that the dsRNA- 
processing proteins or a subset of these remain associated with the siRNA 
duplex after the processing reaction. The orientation of the siRNA duplex 
relative to these proteins determines which of the two complementary 
strands functions in guiding target RNA degradation. Chemically syn- 
thesized siRNA duplexes guide cleavage of sense as well as antisense 
target RNA as they are able to associate with the protein components in 
either of the two possible orientation. 

The remarkable finding that synthetic 21 and 22 nt siRNA duplexes can be 
used for efficient mRNA degradation provides new tools for sequence- 
specific regulation of gene expression in functional genomics as well as 
biomedical studies. The siRNAs may be effective in mammalian systems 
where long dsRNAs cannot be used due to the activation of the PKR 
response (Clemens, 1997). As such, the siRNA duplexes represent a new 
alternative to antisense or ribozyme therapeutics. 
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Example 2 

RNA Interference in Human Tissue Cultures 

2.1 Methods 

2.1.1 RNA preparation 

21 nt RNAs were chemically synthesized using Expedite RNA phosphorami- 
dites and thymidine phosphoramidite (Proligo, Germany). Synthetic oligonu- 
cleotides were deprotected and gel-purified (Example 1), followed by Sep- 
Pak CI 8 cartridge {Waters, Milford, MA, USA) purification (Tuschl, 1993). 
The siRNA sequences targeting GL2 (Acc. X65324) and GL3 luciferase 
(Acc. U47296) corresponded to the coding regions 153-173 relative to the 
first nucleotide of the start codon, siRNAs targeting RL (Acc. AF025846) 
corresponded to region 1 19-129 after the start codon. Longer RNAs were 
transcribed with T7 RNA polymerase from PCR products, followed by gel 
and Sep-Pak purification. The 49 and 484 bp GL2 or GL3 dsRNAs corre- 
sponded to position 113-161 and 113-596, respectively, relative to the 
start of translation; the 50 and 501 bp RL dsRNAs corresponded to posi- 
tion 118-167 and 118-618, respectively. PCR templates for dsRNA syn- 
thesis targeting humanized GFP (hG) were amplified from pAD3 (Kehlen- 
bach, 1998), whereby 50 and 501 bp hG dsRNA corresponded to position 
1 1 8-1 67 and 1 1 8-61 8, respectively, to the start codon. 

For annealing of siRNAs, .20 jjM single strands were incubated in annealing 
buffer (100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM 
magnesium acetate) for 1 min at 90°C followed by 1 h at 37°C. The 37 °C 
incubation step was extended overnight for the 50 and 500 bp dsRNAs 
and these annealing reactions were performed at 8.4 jjM and 0.84 jjM 
strand concentrations, respectively. 
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2.1.2 Cell Culture 

S2 cells were propagated in Schneider's Drosophila medium (Life Technolo- 
gies) supplemented with 10% FBS, 100 units/ml penicillin and 100//g/ml 
streptomycin at 25°C. 293, NIH/3T3, HeLa S3, COS-7 cells were grown at 
37°C in Dulbecco's modified Eagle's medium supplemented with 10% 
FBS, 100 units/ml penicillin and 100//g/ml streptomycin. Cells were regu- 
larly passaged to maintain exponential growth. 24 h before transfection at 
approx. 80% confluency, mammalian cells weretrypsinized and diluted 1:5 
with fresh medium without antibiotics (1-3 x 10 s cells/ml) and transferred 
to 24-well plates (500 ,ul/well). S2 cells were not trypsinized before split- 
ting. Transfection was carried out with Lipofectamine 2000 reagent (Life 
Technologies) as described by the manufacturer for adherent cell lines. Per 
well, 1.0 pg pGL2-Control (Promega) or pGL3-Control (Promega), 0.1 pg 
pRL-TK (Promega) and 0.28 pg siRNA duplex or dsRNA, formulated into 
liposomes, were applied; the final volume was 600 p\ per well. Cells were 
incubated 20 h after transfection and appeared healthy thereafter. Lucife- 
rase expression was subsequently monitored with the Dual luciferase assay 
(Promega). Transfection efficiencies were determined by fluorescence 
microscopy for mammalian cell lines after co-transf action of 1.1 jug hGFP- 
encoding pAD3 and 0.28 pg invGL2 lnGL2 siRNA and were 70-90%. 
Reporter plasmids were amplified in XL-1 Blue (Stratagene) and purified 
using the Qiagen EndoFree Maxi Plasmid Kit. 

2.2 Results and Discussion 

To test whether siRNAs are also capable of mediating RNAi in tissue cultu- 
re, we synthesized 21 nt siRNA duplexes with symmetric 2 nt 3' over- 
hangs directed against reporter genes coding for sea pansy (Henf/fa renifor- 
mis) and two sequence variants of firefly (Photlnus pyre/is, GL2 and GL3) 
luciferases (Fig. 8a, b). The siRNA duplexes were co-transfected with the 
reporter plasmid combinations P GL2/pRLor pGL3/pRLinto£>. melanogaster 
Schneider S2 cells or mammalian cells using cationic liposomes. Luciferase 
activities were determined 20 h after transfection. In all cell lines tested. 
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we observed specific reduction of the expression of the reporter genes in 
the presence of cognate siRNA duplexes (Fig. 9a-j). Remarkably, the ab- 
solute luciferase expression levels were unaffected by non-cognate 
siRNAs, indicating the absence of harmful side effects by 21 nt RNA 
duplexes (e.g. Fig. 10a-d for HeLa cells). In D. melanogaster S2 cells (Fig. 
9a, b), the specific inhibition of lucif erases was complete. In mammalian 
cells, where the reporter genes were 50- to 100-fold stronger expressed, 
the specific suppression vyas less complete (Fig. 9c-j). GL2 expression was 
reduced 3- to 12-fold, GL3 expression 9- to 25-fold and RL expression 1- 
to 3-fold, in response to the cognate siRNAs. For 293 cells, targeting of RL 
luciferase by RL siRNAs was ineffective, although GL2 and GL3 targets 
responded specifically (Fig. 9i, j). The lack of reduction of RL expression in 
293 cells may be due to its 5- to 20-fold higher expression compared to 
any other mammalian cell line tested and/or to limited accessibility of the 
target sequence due to RNA secondary structure or associated proteins. 
Nevertheless, specific targeting of GL2 and GL3 luciferase by the cognate 
siRNA duplexes indicated that RNAi is also functioning in 293 cells. 

The 2 nt 3' overhang in all siRNA duplexes, except for uGL2, was compo- 
sed of (2'-deoxy) thymidine. Substituion of uridine by thymidine in the 3' 
overhang was well tolerated in the D. melanogaster in vitro sytem and the 
sequence of the overhang was uncritical for target recognition. The thymi- 
dine overhang was chosen, because it is supposed to enhance nuclease 
resistance of siRNAs in the tissue culture medium and within transfected 
cells. Indeed, the thymidine-modified GL2 siRNA was slightly more potent 
than the unmodified uGL2 siRNA in all cell lines tested (Fig. 9a, c, e, g, i). 
It is conceivable that further modifications of the 3' overhanging nucleoti- 
des may provide additional benefits to the delivery and stability of siRNA 
duplexes. 

In co-transfection experiments, 25 nM siRNA duplexes with respect to the 
final volume of tissue culture medium were used (Fig. 9, 10). Increasing 



WO 02/44321 PCT/EP01/13968 

- 41 - 

the siRNA concentration to 100 nM did not enhance the specific silencing 
effects, but started to affect transfection efficiencies due to competition 
for liposome encapsulation between plasmid DNA and siRNA (data not 
shown). Decreasing the siRNA concentration to 1.5 nM did not reduce the 
specific silencing effect (data not shown), even though the siRNAs were 
now only 2- to 20-fold more concentrated than the DNA plasmids. This 
indicates that siRNAs are extraordinarily powerful reagents for mediating 
gene silencing and that siRNAs are effective at concentrations that are 
several orders of magnitude below the concentrations applied in conventio- 
nal antisense or* ribozyme gene targeting experiments. 

In order to monitor the effect of longer dsRNAs on mammalian cells, 50 
and 500 bp dsRNAs cognate to the reporter genes were prepared. As non- 
specific control, dsRNAs from humanized GFP (hG) (Kehlenbach, 1998) 
was used. When dsRNAs were co-transfected, in identical amounts (not 
concentrations) to the siRNA duplexes, the reporter gene expression was 
strongly and unspecifically reduced. This effect is illustrated for HeLa cells 
as a representative example (Fig. 10a-d). The absolute luciferase activities 
were decreased unspecifically 10- to 20-fold by 50 bp dsRNA and 20- to 
200-fold by 500 bp dsRNA co-transfection, respectively. Similar unspecific 
effects were observed for COS-7 and NIH/3T3 cells. For 293 cells, a 10- to 
20-fold unspecific reduction was observed only for 500 bp dsRNAs. Un- 
specific reduction in reporter gene expression by dsRNA > 30 bp was 
expected as part of the interferon response. 

Surprisingly, despite the strong unspecific decrease in reporter gene ex- 
pression, we reproducibly detected additional sequence-specific, dsRNA- 
mediated silencing. The specific silencing effects, however, were only 
apparent when the relative reporter gene activities were normalized to the 
hG dsRNA controls (Fig. 10e, f). A 2- to 10-fold specific reduction in 
response to cognate dsRNA was observed, also in the other.three mamma- 
lian cell lines tested (data not shown). Specific silencing effects with 
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dsRNAs (356-1662 bp) were previously reported in CHO-K1 cells, but the 
amounts of dsRNA required to detect a 2- to 4-fold specific reduction were 
about 20-fold higher than in our experiments (Ui-Tei, 2000), Also CHO-K1 
cells appear to be deficient in the interferon response. In another report, 

5 293, NIH/3T3 and BHK-21 cells were tested for RNAi using luciferase/lacZ 
reporter combinations and 829 bp specific lacZ or 717 bp unspecific GFP 
dsRNA (Caplen, 2000). The failure of detecting RNAi in this case may be 
due to the less sensitive luciferase/lacZ reporter assay and the length 
differences of target and control dsRNA. Taken together, our results indi- 

io cate that RNAi is active in mammalian cells, but that the silencing effect is 
difficult to detect, if the interferon system is activated by dsRNA > 30 bp. 

In summary, we have demonstrated for the first time siRNA-mediated gene 
silencing in mammalian cells. The use of short siRNAs holds great promise 
is for inactivation of gene function in human tissue culture and the develop- 
ment of gene-specific therapeutics. 

Example 3 

Specific Inhibition of Gene Expression by RNA Interference 

20 

3.1 Materials and Methods 

3,1.1 RNA preparation and RNAi assay 

Chemical RNA synthesis, annealing, and luciferase-based RNAi assays 
25 were performed as described in Examples 1 or 2 or in previous publications 
(Tuschl et al., 1 999; Zamore et al. f 2000). All siRNA duplexes were direc- 
ted against firefly luciferase, and the luciferase mRNA sequence was 
derived from pGEM-luc (GenBank acc. X6531 6) as described (Tuschl et al., 
1 999). The siRNA duplexes were incubated in D. melanogaster RNAi/trans- 
30 lation reaction for 15 min prior to addition of mRNAs. Translation-based 
RNAi assays were performed at least in triplicates. 
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For mapping of sense target RNA cleavage, a 177-nt transcript was 
generated, corresponding to the firefly luciferase sequence between posi- 
tions 1 13-273 relative to the start codon, followed by the 17-nt comple- 
ment of the SP6 promoter sequence. For mapping of antisense target RNA 
cleavage, a 1 66-nt transcript was produced from a template, which was 
amplified from plasmid sequence by PCR using 5' primer 
TAATACGACTCACTATAQAGCCCATATCGTTTCATA (T7 promoter 
underlined) and 3' primer AG AGGATGGAACCGCTGG. The target sequence 
corresponds to the complement of the firefly luciferase sequence between 
positions 50-215 relative to the start codon. Guanylyl transferase labelling 
was performed as previously described (Zamore et al., 2000). For mapping 
of target RNA cleavage, 1 00 nM siRNA duplex was incubated with 5 to 1 0 
nM target RNA in D. melanogaster embryo lysate under standard condi- 
tions (Zamore et al., 2000) for 2 h at 25 °C. The reaction was stopped by 
the addition of 8 volumes of proteinase K buffer (200 mM Tris-HCf pH 7,5, 
25 mM EDTA, 300 mM NaCI, 2% w/v sodium dodecyl sulfate). Proteinase 
K (E.M. Merck, dissolved in water) was added to a final concentration of 
0.6 mg/ml. The reactions were then incubated for 15 min at 65°C, ex- 
tracted with phenol/chloroform/isoamyl alcohol (25:24:1) and precipitated 
with 3 volumes of ethanol. Samples were located on 6% sequencing gels. 
Length standards were generated by partial RNase T1 digestion and partial 
base hydrolysis of the cap-labelled sense or antisense target RNAs. 



3.2 Results 

3.2.1 Variation of the 3 r overhang In duplexes of 21 -nt siRNAs 
As described above, 2 or 3 unpaired nucleotides at the 3' end of siRNA 
duplexes were more efficient in target RNA degradation than the respective 
blunt-ended duplexes. To perform a more comprehensive analysis of the 
function of the terminal nucleotides, we synthesized five 21-nt sense 
siRNAs, each displayed by one nucleotide relative to the target RNA, and 
eight 21-nt antisense siRNAs, each displaced by one nucleotide relative to 
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the target (Figure 1 1 A). By combining sense and antisense siRNAs, eight 
series of siRNA duplexes with synthetic overhanging ends were generated 
covering a range of 7-nt 3' overhang to 4-nt 5' overhang. The interference 
of siRNA duplexes was measured using the dual luciferase assay system 
(Tuschl et al., 1999; Zamore et al. # 2000). siRNA duplexes were directed 
against firefly luciferase mRNA, and sea pansy luciferase mRNA was used 
as internal control. The luminescence ratio of target to control luciferase 
activity was determined in the presence of siRNA duplex and was normali- 
zed to the ratio observed in the absence of dsRNA. For comparison, the 
interference ratios of long dsRNAs (39 to 504 pb) are shown in Figure 1 1 B. 
The interference ratios were determined at concentrations of 5 nM for long 
dsRNAs (Figure 1 1 A) and at 100 nM for siRNA duplexes (Figure 1 1C-J). 
The 100 nM concentrations of siRNAs was chosen, because complete 
processing of 5 nM 504 bp dsRNA would result in 1 20 nM total siRNA 
duplexes. 

The ability of 21 -nt siRNA duplexes to mediate RNAi is dependent on the 
number of overhanging nucleotides or base pairs formed. Duplexes with 
four to six 3' overhanging nucleotides were unable to mediate RNAi (Figure 
11C-F), as were duplexes with two or more 5' overhanging nucleotides 
(Figure 1 1 G-J). The duplexes with 2-nt 3' overhangs were most efficient in 
mediating RNA interference, though the efficiency of silencing was also 
sequence-dependent, and up to 12-fold differences were observed for 
different siRNA duplexes with 2-nt 3' overhangs (compare Figure 1 1D-H). 
Duplexes with blunted ends, 1-nt 5' overhang or 1- to 3-nt 3' overhangs 
were sometimes functional. The small silencing effect observed for the 
siRNA duplex with 7-nt 3' overhang (Figure 11C) may be due to an 
antisense effect of the long 3' overhang rather than due to RNAi. 
Comparison of the efficiency of RNAi between long dsRNAs (Fig. 1 1B) and 
the most effective 21 -nt siRNA duplexes (Fig. 1 1E, G, H) indicates that a 
single siRNA duplex at 100 nM concentration can be as effective as 5 nM 
504 bp dsRNA. 
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3.2.2 Length variation of the sense siRNA paired to an invariant 21-nt 
antisense siRNA 

In order to investigate the effect of length of siRNA on RNAi, we prepared 
3 series of siRNA duplexes, combining three 21-nt antisense strands with 
eight, 1 8- to 25-nt sense strands. The 3' overhang of the antisense siRNA 
was fixed to 1, 2, or 3 nt in each siRNA duplex series, while the sense 
siRNA was varied at its 3' end (Figure 12A). Independent of the lenght of 
the sense siRNA, we found that duplexes with 2-nt 3' overhang of anti- 
sense siRNA (Figure 12C) were more active than those with 1- or 3-nt 3' 
overhang (Figure 12B, D). In the first series, with 1-nt 3' overhang of 
antisense siRNA, duplexes with a 21- and 22-nt sense siRNAs, carrying a 
1- and 2-nt 3' overhang of sense siRNA, respectively, were most active. 
Duplexes with 19- to 25-nt sense siRNAs were also able to mediate RNA, 
but to a lesser extent. Similarly, in the second series, with 2-nt overhang 
of antisense siRNA, the 21-nt siRNA duplex with 2-nt 3' overhang was 
most active, and any other combination with the 18- to 25-nt sense 
siRNAs was active to a significant degree. In the last series, with 3-nt anti- 
sense siRNA 3' overhang, only the duplex with a 20-nt sense siRNA and 
the 2-nt sense 3' overhang was able to reduce target RNA expression. 
Together, these results indicate that the length of the siRNA as well as the 
length of the 3' overhang are important, and that duplexes of 21-nt siRNAs 
with 2-nt 3' overhang are optimal for RNAi. 

3.2.3 Length variation of siRNA duplexes with a constant 2-nt 3' overhang 
We then examined the effect of simultaneously changing the length of both 
siRNA strands by maintaining symmetric 2-nt 3' overhangs (Figure 13A). 
Two series of siRNA duplexes were prepared including the 21-nt siRNA 
duplex of Figure 1 1 H as reference. The length of the duplexes was varied 
between 20 to 25 bp by extending the base-paired segment at the 3' end 
of the sense siRNA (Figure 13B) or at the 3' end of the antisense siRNA 
(Figure 1 3C). Duplexes of 20 to 23 bp caused specific repression of target 
luciferase activity, but the 21-nt siRNA duplex was at least 8-fold more 
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efficient than any of the other duplexes. 24- and 25-nt siRNA duplexes did 
not result in any detectable interference. Sequence-specific effects were 
minor as variations on both ends of the duplex produced similar effects. 

3.2.4 2'-Deoxy and 2'-0-methy1-modified siRNA duplexes 

To assess the importance of the siRNA ribose residues for RNAi, duplexes 
with 21-nt siRNAs and 2-nt 3' overhangs with 2'-deoxy- or 2'-0-methyl- 
modified strands were examined (Figure 14). Substitution of the 2-nt 3' 
overhangs by 2'-deoxy nucleotides had no effect, and even the replace- 
ment of two additional riboncleotides adjacent to the overhangs in the 
paired region, produced significantly active siRNAs. Thus, 8 out of 42 nt of 
a siRNA duplex were replaced by DNA residues without loss of activity. 
Complete substitution of one or both siRNA strands by 2'-deoxy residues, 
however, abolished RNAi, as did substitution by 2'-0-methyl residues. 

3.2.5 Definition of target RNA cleavage sites 

Target RNA cleavage positions were previously determined for 22-nt siRNA 
duplexes and for a 21-nt/22-nt duplex. It was found that the position of 
the target RNA cleavage was located in the centre of the region covered by 
the siRNA duplex, 11 or 1 2 nt downstream of the first nucleotide that was 
complementary to the 21- or 22-nt siRNA guide sequence. Five distinct 21- 
nt siRNA duplexes with 2-nt 3' overhang (Figure 1 5A) were incubated with 
5' cap-labelled sense or antisense target RNA in D. melanogaster lysate 
(Tuschl et aL, 1999; Zamore et ah, 2000). The 5' cleavage products were 
resolved on sequencing gels (Figure 1 5B). The amount of sense target RNA 
cleaved correlates with the efficiency of siRNA duplexes determined in the 
translation-based assay, and siRNA duplexes 1, 2 and 4 (Figure 15B and 
1 1 H, G, E) cleave target RNA faster than duplexes 3 and 5 (Figure 1 5B and 
1 1F, D). Notably, the sum of radioactivity of the 5' cleavage product and 
the input target RNA were not constant over time, and the 5' cleavage 
products did not accumulate. Presumably, the cleavage products, once 
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released from the siRNA-endonuclease complex, are rapidly degraded due 
to the lack of either of the poly(A) tail of the 5'-cap. 

The cleavage sites for both, sense and antisense target RNAs were located 
in the middle of the region spanned by the siRNA duplexes. The cleavage 
sites for each target produced by the 5 different duplexes varied by 1-nt 
according to the 1-nt displacement of the duplexes along the target se- 
quences. The targets were cleaved precisely 11 nt downstream of the 
target position complementary to the 3'-most nucleotide of the sequence- 
complementary guide siRNA (Figure 15 A, B). 

In order to determine, whether the 5' or the 3' end of the guide siRNA sets 
the ruler for target RNA cleavage, we devised the experimental strategy 
outlined in Figure 16A and B. A 21-nt antisense siRNA, which was kept 
invariant for this study, was paired with sense siRNAs that were modified 
at either of their 5' or 3' ends. The position of sense and antisense target 
RNA cleavage was determined as described above. Changes in the 3' end 
of the sense siRNA, monitored for 1-nt 5' overhang to 6-nt 3' overhang, 
did neither effect the position of sense nor antisense target RNA cleavage 
(Figure 16C). Changes in the 5' end of the sense siRNA did no affect the 
sense target RNA cleavage (Figure 16D, top panel), which was expected 
because the antisense siRNA was unchanged. However, the antisense 
target RNA cleavage was affected and strongly dependent on the 5' end of 
the sense siRNA (Figure 1 6D, bottom panel). The antisense target was only 
cleaved, when the sense siRNA was 20 or 21 nt in size, and the position 
of cleavage different by 1-nt, suggesting that the 5' end of the target- 
recognizing siRNA sets the ruler for target RNA cleavage. The position is 
located between nucleotide 10 and 11 when counting in upstream direc- 
tion from the target nucleotide paired to the 5' -most nucleotide of the 
guide siRNA (see also Figure 15A). 
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3.2.6 Sequence effects and 2'-deoxy substitutions in the 3' overhang 

A 2-nt 3'overhang is preferred for siRNA function. We wanted to know, if 
the sequence of the overhanging nucleotides contributes to target reco- 
gnition, or If it is only a feature required for reconstitution of the endonu- 
ctease complex (RISC or siRNP). We synthesized sense and antisense 
siRNAs with AA, CC, GG, UU, and UG 3' overhangs and included the 2'- 
deoxy modifications TdG and TT. The wild-type siRNAs contained AA in 
the sense 3' overhang and UG in the antisense 3' overhang (AA/UG). All 
siRNA duplexes were functional in the interference assay and reduced 
target expression at least 5-fold (Figure 17). The most efficient siRNA 
duplexes that reduced target expression more than 10-fold, were of the 
sequence type NN/UG, NN/UU, NN/TdG, and NN/TT (N, any nucleotide). 
siRNA duplexes with an antisense siRNA 3' overhang of AA, CC or GG 
were less active by a factor 2 to 4 when compared to the wild-type se- 
quence UG or the mutant UU. This reduction in RNAi efficiency is likely 
due to the contribution of the penultimate 3' nucleotide to sequence-speci- 
fic target recognition, as the 3' terminal nucleotide was changed from G to 
U without effect. 

Changes in the sequence of the 3' overhang of the sense siRNA did not 
reveal any sequence-dependent effects, which was expected, because the 
sense siRNA must not contribute to sense target mRNA recognition. 

3.2.7 Sequence specifity of target recognition 

In order to examine the sequence-specifity of target recognition, we in- 
troduced sequence changes into the paired segments of siRNA duplexes 
and determined the efficiency of silencing. Sequence changes were in- 
troduced by inverting short segments of 3- or 4-nt length or as point muta- 
tions (Figure 18). The sequence changes in one siRNA strand were com- 
pensated in the complementary siRNA strand to avoid pertubing the base- 
paired siRNA duplex structure. The sequence of all 2-nt 3' overhangs was 
TT (T, 2'-deoxythymidine) to reduce costs of synthesis. The TT/TT refe- 
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rence siRNA duplex was comparable in RNAi to the wild-type siRNA duplex 
AA/UG {Figure 1 7). The ability to mediate reporter mRNA destruction was 
quantified using the translation-based luminescence assay. Duplexes of 
siRNAs with inverted sequence segments showed dramatically reduced 
ability for targeting the firefly luciferase reporter (Figure 18). The sequence 
changes located between the 3' end and the middle of the antisense siRNA 
completely abolished target RNA recognition, but mutations near the 5' end 
of the antisense siRNA exhibit a small degree of silencing. Transversion of 
the A/U base pair located directly opposite of the predicted target RNA 
cleavage site, or one nucleotide further away from the predicted site, 
prevented target RNA cleavage, therefore indicating that single mutation 
within the centre of a siRNA duplex discriminate between mismatched 
targets. 



3.3 Discussion 

siRNAs are valuable reagents for inactivation ol gene expression, not only 
in insect cells, but also in mammalian cells, with a great potential for 
therapeutic epplication. We have systematically analysed the structural 
determinants of siRNA duplexes required to promote efficient target RNA 
degradation in D. melanogaster embryo lysate, thus providing rules for the 
design of most potent siRNA duplexes. A perfect siRNA duplex is able to 
silence gene expression with an efficiency comparable to a 500 bp dsRNA, 
given that comparable quantities of total RNA are used. 



3.4 The siRNA user guide 

Efficiently silencing siRNA duplexes are preferably composed of 21 -nt 
antisense siRNAs, and should be selected to form a 1 9 bp double helix 
with 2-nt 3' overhanging ends. 2'-deoxy substitutions of the 2-nt 3' over- 
hanging ribonucleotides do not affect RNAi, but help to reduce the costs of 
RNA synthesis and may enhance RNAse resistance of siRNA duplexes. 
More extensive 2'-deoxy or 2'-0-methyl modifications, however, reduce 
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the ability of siRNAs to mediate RNAi, probably by interfering with protein 
association for siRNAP assembly. 



Target recognition is a highly sequence-specific process, mediated by the 
siRNA complementary to the target. The 3'-most nucleotide of the guide 
siRNA does not contribute to specificity of target recognition, while the 
penultimate nucleotide of the 3' overhang affects target RNA cleavage, and 
a mismatch reduces RNAi 2- to 4-fold. The 5' end of a guide siRNA also 
appears more permissive for mismatched target RNA recognition when 
compared to the 3' end. Nucleotides in the centre of the siRNA, located 
opposite the target RNA cleavage site, are important specificity determi- 
nants and even single nucleotide changes reduce RNAi to undetectable 
level. This suggests that siRNA duplexes may be able to discriminate 
mutant or polymorphic alleles in gene targeting experiments, which may 
become an important feature for future therapeutic developments. 

Sense and antisense siRNAs, when associated with the protein compo- 
nents of the endonclease complex or its commitment complex, were sug- 
gested to play distinct roles; the relative orientation of the siRNA duplex in 
this complex defines which strand can be used for target recognition. 
Synthetic siRNA duplexes have dyad symmetry with respect to the double- 
helical structure, but not with respect to sequence. The association of 
siRNA duplexes with the RNAi proteins in the D. melanogaster lysate will 
lead to formation of two asymmetric complexes. In such hypothetical 
complexes, the chiral environment is distinct for sense and antisense 
siRNA, hence their function. The prediction obviously does not apply to 
palindromic siRNA sequences, or to RNAi proteins that could associate as 
homodimers. To minimize sequence effects, which may affect the ratio of 
sense and antisense-targeting siRNPs, we suggest to use siRNA sequences 
with identical 3' overhanging sequences. We recommend to adjust the 
sequence of the overhang of the sense siRNA to that of the antisense 3' 
overhang, because the sense siRNA does not have a target in typical 
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knock-down experiments. Asymmetry in reconstitution of sense and anti- 
sense-cieaving siRNPs could be (partially) responsible for the variation in 
RNAi efficiency observed for various 21-nt siRNA duplexes with 2-nt 3' 
overhangs used in this study (Figure 14). Alternatively, the nucleotide 
sequence at the target site and/or the accessibility of the target RNA 
structure may be responsible for the variation in efficiency for these siRNA 
duplexes. 
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Claims 



1 . isolated double-stranded RNA molecule, wherein each RNA strand 
has a length from 19-25 nucleotides, wherein said RNA molecule is 
capable of target-specific nucleic acid modifications. 

2. The RNA molecule of claim 1 wherein at least one strand has a 3'- 
overhang from 1-5 nucleotides. 

3. The RNA molecule of claim 1 or 2 capable of target-specific RNA 
interference and/or DNA methylation, 

4. The RNA molecule of any one of claims 1-3, wherein each strand 
has a length from 1 9-23, particularly from 20-22 nucleotides. 

5. The RNA molecule of any one of claims 2-4, wherein the 3'-over- 
hang is from 1 -3 nucleotides. 

6. The RNA molecule of any one of claims 2-5, wherein the 3'-over- 
hang is stabilized against degradation. 

7. The RNA molecule of any one of claims 1-6, which contains at least 
one modified nucleotide analogue. 

8. The RNA molecule of claim 7, wherein the modified nucleotide ana- 
logue is selected from sugar- or backbone modified ribonucleotides. 



9. 



The RNA molecule according to claim 7 or 8, wherein the nucleotide 
analogue is a sugar-modified ribonucleotide, wherein the 2'-OH 
group is replaced by a group selected from H, OR, R, halo, SH, SR\ 
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NH 2 , NHR, NR 2 or CN, wherein R is C,-C 6 alkyl, alkenyl or alkynyl 
and halo is F, Cl # Br or I. 

10. The RNA molecule of claim 7 or 8, wherein the nucleotide analogue 
is a backbone-modified ribonucleotide containing a phosphothioate 
group. 

1 1 . The RNA molecule of any one of claims 1-10, which has a sequence 
hav/ng an identity of at least 50 percent to a predetermined mRNA 
target molecule, 

12. The RNA molecule of claim 11, wherein the identity is at least 70 
percent. 

13. A method of preparing a double-stranded RNA molecule of any one 
of claims 1-12 comprising the steps: 

(a) synthesizing two RNA strands each having a length from 19-25 
nucleotides, wherein said RNA strands are capable of forming a 
double-stranded RNA molecule, 

(b) combining the synthesized RNA strands under conditions, wherein a 
double-stranded RNA molecule is formed, which is capable of target- 
specific nucleic acid modifications. 

1 4. The method of claim 1 3, wherein the RNA strands are chemically 
synthesized. 

1 5. The method of claim 1 3, wherein the RNA strands are enzymatically 
synthesized. 
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16. A method of mediating target-specific nucleic acid modifications in 
a cell or an organism comprising the steps: 

(a) contacting said cell or organism with the double-stranded 
RNA molecule of any one of claims 1-12 under conditions 
wherein target-specific nucleic acid modifications can occur, 
and 

(b) mediating a target-specific nucleic acid modification effected 
by the double-stranded RNA towards a target nucleic acid 
having a sequence portion substantially corresponding to the 
double-stranded RNA. 

17. The method of claim 16, wherein the nucleic acid modification is 
RNA interference and/or DNA methylation. 

18. The method of claim 16 and 17 wherein said contacting comprises 
introducing said double-stranded RNA molecule into a target cell in 
which the target-specific nucleic acid modification can occur. 

1 9. The method of claim 1 8 wherein the introducing comprises a carrier- 
mediated delivery or injection. 

20. Use of the method of any one of claims 1 6-1 9 for determining the 
function of a gene in a cell or an organism. 

21. Use of the method of any one of claims 16-19 for modulating the 
function of a gene in a cell or an organism. 

22. The use of claim 20 or 21, wherein the gene is associated with a 
pathological condition. 
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23. The use of claim 22, wherein the gene is a pathogen-associated 
gene. 

24. The use of claim 23, wherein the gene is a viral gene. 

25. The use of claim 22, wherein the gene is a tumor-associated gene. 

26. The use of claim 22, wherein the gene is an autoimmune disease- 
associated gene, 

27. Pharmaceutical composition containing as an active agent at least 
one double-stranded RNA molecule of any one of claims 1-12 and a 
pharmaceutical carrier. 

28. The composition of claim 27 for diagnostic applications. 

29. The composition of claim 27 for therapeutic applications. 

30. A eukaryotic cell or a eukaryotic non-human organism exhibiting a 
target gene-specific knockout phenotype wherein said cell or 
organism is transfected with at least one double-stranded RNA 
molecule capable of inhibiting the expression of an endogeneous 
target gene or with a DNA encoding at least one double-stranded 
RNA molecule capable of inhibiting the expression of at least one 
endogeneous target gene. 

31 . The cell or organism of claim 30 which is a mammalian cell. 

32. The ceil or organism of claim 31 which is a human cell. 

33. The cell or organism of any one of claims 30-32 which is further 
transfected with at least one exogeneous target nucleic acid coding 
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for the target protein or a variant or mutated form of the target 
protein, wherein said exogeneous target nucleic acid differs from the 
endogeneous target gene on the nucleic acid level such that the 
expression of the exogeneous target nucleic acid is substantially less 
inhibited by the double stranded RNA molecule than the expression 
of the endogeneous target gene. 

34. The cell or organism of claim 33 wherein the exogeneous target 
nucleic acid is fused to a further nucleic acid sequence encoding a 
detectable peptide or polypeptide. 

35. Use of the cell or organism of any of claims 30-34 for analytic 
procedures. 

36. The use of claim 35 for the analysis of gene expression profiles. 

37. The use of claim 35 for a proteome analysis. 

38. The use of any one of claims 35-37 wherein an analysis of a variant 
or mutant form of the target protein encoded by an exogeneous 
target nucleic acid is carried out. 

39. The use of claim 38 for identifying functional domains of the target 
protein. 

40. The use of any one of claims 35-39 wherein a comparison of at 
least two cells or organisms is carried out selected from: 

(i) a control cell or control organism without target gene 
inhibition, 

(ii) a cell or organism with target gene inhibition and 

(iii) a cell or organism with target gene inhibition plus target gene 
complementation by an exogeneous target nucleic acid. 
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41 . The use of any one of claims 35-40 wherein the analysis comprises 
a functional and/or phenotypic analysis. 

42. Use of a cell of any one of claims 30-34 for preparative procedures. 

43. The use of claim 41 for the isolation of proteins or protein 
complexes from eukaryotic cells. 

44. The use of claim 43 for the isolation of high molecular weight 
protein complexes which may optionally contain nucleic acids. 

45. The use of any one of claims 35-44 in a procedure for identifying 
and/or characterizing pharmacological agents. 

46. A system for identifying and/or characterizing a pharmacological 
agent acting on at least one target protein comprising: 

(a) a eukaryotic cell or a eukaryotic non-human organism capable 
of expressing at least one target gene coding for said at least 
one target protein, 

(b) at least one double-stranded RNA molecule capable of 
inhibiting the expression of said at least one endogeneous 
target gene, and 

(c) a test substance or a collection of test substances wherein 
pharmacological properties of said test substance or said 
collection are to be identified and/or characterized. 

47. The system of claim 46 further comprising: 

(d) at least one exogeneous target nucleic acid coding for the 
target protein or a variant or mutated from of the target 
protein wherein said exogeneous target nucleic acid differs 
from the endogeneous target gene on the nucleic acid level 
such that the expression of the exogeneous target nucleic 
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acid is substantially less inhibited by the double stranded RNA 
molecule than the expression of the endogeneous target 
gene. 
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abstract: The human double-stranded RNA- (dsRNA) activated protein kinase (PKR) has a dsRNA- 
binding domain (dsRBD) that contains two tandem copies of the dsRNA-binding motif (dsRBM). The 
minimal-length polypeptide required to bind dsRNA contains both dsRBMs, as determined by mobility- 
shift and filter-binding assays. Mobility-shift experiments indicate binding requires a minimum of 16 
base pairs of dsRNA, while a minimal-length site for saturation of longer RNAs is 1 1 base pairs. Bulge 
defects in the helix disfavor binding, and single-stranded tails do not strongly influence the dsRNA length 
requirement. These polypeptides do not bind an RNA-DNA hybrid duplex or dsDNA as judged by 
either mobility-shift or competition experiments, suggesting 2 / -OH contacts on both strands of the duplex 
stabilize binding. Related experiments on chimeric duplexes in which specific sets of 2'-OHs are substituted 
with 2'-H or 2'-OCH 3 reveal that the 2'-OHs required for binding are located along the entire 1 1 base- 
pair site. These results are supported by Fe(II) EDTA footprinting experiments that show protein-dependent 
protection of the minor groove of dsRNA. The dependence of dsRNA-protein binding on salt 
. concentration suggests that only one ionic contact is made between the protein and dsRNA phosphate 
backbone and that at physiological salt concentrations 90% of the free energy "of binding is nonelectrostatic. 
Thus, "the specificity of PKR for dsRNA over RNA-DNA hybrids and dsDNA is largely due to molecular 
recognition of a network of 2 / -OHs involving both strands of dsRNA and present along the entire 1 1 
e-pair site. 



Ribonucleoprotein (RNP) complexes are involved in many 
biological processes including transcription, posttranscrip- 
tional processing, gene regulation, translation, micleocyto- 
plasmic transport, and mRNA stability.. In recent years, the 
identification of conserved sequences for RNA-binding 
proteins has led to the description of RNA-binding motifs 
(RBMs), including the double-stranded RNA- (dsRNA) 
binding motif (dsRBM) (Mattaj, 1993; Burd & Dreyfuss, 
1 994). The dsRBM was initially identified as a conserved 
stretch of 65—68 amino acids on the basis of sequence 
ligament of functionally diverse proteins from a wide range 
of organisms (St Johnston et al., 1992). A recent search has 
identified 44 dsRBM sequences from 27 proteins (Khanat 
et al., 1995); these include PKR, the Drosophila staufen 
•protein required for mRNA localization in the egg, the . 
Escherichia coii dsRNA nuclease RNase HI, and the mam- 
malian dsRNA-adcnosinc deaminases (dsRADs) (Kim et 
al., 1994; O'Connellet al, 1995; Melcher et al., 1996). 

The RNA-binding properties of polypeptides derived from 
the human dsRNA- dependent protein kinase PKR (also 
termed dsl or DAI for the dsRNA-activated inhibitor) are 
studied here. PKR is an interferon-induced, viral-response 
agent that undergoes dimerization and autophosphorylation 
in the presence of dsRNA, leading to dsRNA-independent 
phosphorylation of the eukaryotic translation initiation factor 
elF-2 and inhibition of translation. More recent work 



* This work is supported by a fellowship to P.C.B. from the Jane 
Coffin Child* Memorial Fund for Medical Research. T.R.C. is an 
Investigator of the Howard Hughes Medical Institute and a Professor 
of the American Cancer Society. 

• Author.to whom correspondence should be addressed. 

? Abstract published in Advance ACS Abstracts, Jury 15, 1996. 



indicates that PKR is involved in normal control of cell 
growth and differentiation and in regulation of the transcrip- 
tion of specific genes by dsRNA [reviewed in Clemens 
(1992), Hovanessian (1993), Mathews (1993), Samuel (1993), 
and Proud (1995)]. 

Like other RBMs, the dsRBM is modular and can be found 
in single or multiple copies in a single protein. PKR contains 
two tandem, N-terminal copies of the dsRBM, designated 
dsRBMl and dsRBM2, and a C-terminal kinase domain 
(Katze et al., 1991; Feng et aL„ 1992; Green & Mathews, 
1992; McCormack et al. f 1992; Patel & Sen, 1992). 
dsRBMl closely matches the dsRBM consensus sequence, 
while dsRBM? matches the consensus sequence primarily 
in its C-terminal part (St Johnston et al., 1992). In addition, 
mutagenesis studies indicate that dsRBM 1 is more important 
than dsRBM2 for dsRNA binding (Green & Mathews, 1992; 
McCormack et al., 1994; Green et al. f 1995; Romano et al., 
1995). 

Structural details of protein -RNA interaction are well 
understood for several sequence-specific RBDs. The best 
characterized complex involves the RNP domain from the 
spliceosomal protein U1A complexed with a 2 1 -nucleotide 
RNA hairpin. The crystal structure reveals the RNP making 
detailed sequence-specific contacts with seven nucleotides 
in the hairpin loop (Oubridge et al., 1994). Structures of 
other RNA— protein complexes also rcvcal sequence-specific 
interaction with RNA, including a bacteriophage MS2 coat 
protein- 19-nucleotide RNA fragment complex (Valegftrd et 
al., 1994), several tRNA synthetase— tRNA complexes 
(Rould et al., 1989; Ruff et al., 1991), and TAR-arginine 
and TAR-peptide complexes (Puglisi et al., 1992, 1995; 
AboulHBla et al., 1995; Ye et al.. 1995). The RNAs in these 



S0006-2960(96)00725-8 CCC: $12.00. © 1996 American Chemical Society 




<:^y:y:%::>':^^:^:::^;■;w : :■^^^■■^^x.:•y-^>■^•'^: i 

BP 03 784 183 r 



9984 Biochemistry, Vol. 35, No. 31, 1996 

complexes have bulges or loops that can distort the dsRNA 
helix, opening and widening the usually deep and narrow 
inaccessible major groove (Weeks & Crothers, 1993). Since 
the major groove contains most of the sequence-specific 
information, bulges render the RNA accessible to sequence- 
specific prolein interactions (Mattaj, J993; Stcitz, 1993; 
McCarthy & Kollmus, 1 995). 

In contrast to the above examples, undistorted A- form 
dsRNA has its sequence-rich information buried in the major 
groove (Saenger, 1984; Steitz, 1993). Indeed, no sequence 
specificity has been observed in interactions between dsRBDs 
and RNA in vitro (Hunter et aL, 1975; Manche et al., 1992; 
Poison & Bass, 1994; Schweisguth et ah, 1994; Bycroft ct 
al., 1995a). Furthermore, PKR does not make important 
contacts to bases when it binds adenovirus inhibitory RNA 
(VA RNAi) (Clarke & Mathews, 1995). Recognition of 
dsRNA is thus likely to be novel and to involve a network 
of sequence-independent interactions. In this paper, we 
examine the roles of non-sequence-specific dsRNA func- 
tional groups, including 2'-OHs and phosphates, in binding 
o polypeptides and present a model to account for this 
binding. 

MATERIALS AND METHODS 

Expression and Purification of PKR Protein Constructs, 
C-Terminal deletion protein constructs were prepared without 
a (His)e tag, with an N-terminal (His) 0 tag, or with a 
C-terminal (His)6 tag. Protein constructs without a (His)6 
lag were a gift (P. DuCharme and S. C. Schultz, personal 
communication). The cDNA for PKR was obtained from 
plasmid pBl Nde PI KIN (Thomis et al., 1992). Protein 
constructs with a C- terminal (His)6 tag were prepared as 
follows. PCR was used to (1) introduce a recognition site 
for EcoHJ 5' to PKR coding sequences and (2) add six 
htstidine codons, alternating between CAC and CAT codons; 
the stop codon, TAA; and a BamHl site 3' to PKR coding 
sequences. Since the coding sequences contain an internal 
EcoRi site, a complete digestion with BamHl was followed 
by a limited digestion with£coRI to allow for approximately 
M)% digestion. The PCR fragments were cloned into the 
i7 expression plasmid PKT7(-H) (S. C. Schultz and T. A. 
Stcitz, personal communication) that had been digested with 
EcoRl and BamHl. 

Protein constructs with an N-teiminal (His)6 tag were 
prepared as follows. PCR was used to (1) introduce a 
recognition site for Ndel 5' to PKR coding sequences and 
(2) add the stop codon, TAA, and a BamHl site 3' to PKR 
coding sequences. The PCR fragment was digested to 
completion first by Ndel and second by BamHl The 
fragment was cloned into the T7 expression plasmid pET- 
1 4b (Novagen) that contains sequences required for T7 RNA 
polymerase-driven overexpression, an N-terrnirial (His)6 tag, 
and a thrombin restriction site for removal of the (His)e tag. 
Most experiments were performed with the N-terrninal (Hisfc 
protein constructs. pET-14b offers the advantage that the 
cloning sites, BamHl and Ndel, do not occur in the PKR 
coding region, allowing for rapid cloning. Sequences were 
confirmed by dideoxy sequencing. 

Optimal expression of C-terminal deletion protein con- 
structs was in E. coli strain BL21 (DE3). Cells were grown 
at 37 °C for 12 h in LB media supplemented with 20 mM 
potassium phosphate (pji 7.8), 5 mM glucose, and 200 fig/ 
mL ampicillin. Cells (5 mL) were centrifuged at 6000 rpm 
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for 10 min, resuspended in 5 mL of LB, and diluted into 
750 mL of the above media without glucose. Growth was 
continued at 37 °C with vigorous shaking in 2-L baffle flasks 
until OD600 = 0.3. The flasks were then shaken at 22 °C 
until ODfioo — 0.6-0.8. Expression was induced by the 
addition of IPTG to 0.4 mM, and growth continued an 
additional 8 h at 22 °C. Cells were pelleted by centrifiigation 
(10 min at 4000 rpm in a Beckman J A- 1 0 rotor at 4 °C) and 
stored overnight at -20 °C All subsequent purification steps 
were performed at 4 °C. 

Protein was soluble and purified by native methods. Cells 
were resuspended in 20 mL of ice-cold sonication buffer [SB: 

50 mM Hepes (pH 7.0), 700 mM NaCl, 10% glycerol, 5 
mM 2-mercaptoethanol, 0.1 mM PMSF, and 0.05 mM 
benzamidinej. Lysozyme was added to 5 mg/mL, and the 
cells were incubated for 30 min with rotation, followed by 
sonication. The lysate was cleared by addition of one-tenth 
volume of 5% polyethyleneimine (pH 9.0; 25 000-50 000 
average MW, Aldrich), inverted, incubated on ice for 15 min, 
and centrifuged (15 min at 10 000 rpm in a Beckman J A- 20 
rotor) (Schmedt et al., 1995). The supernatant was centri- 
fuged (30 min at 38 000 rpm in a Beckman 70Ti rotor), 
collected, and subsequently rotated for 30 min with 4 mL 
of a 50% slurry of Ni 2 +-nitrilotriacetic acid— agarose resin 
(Qiagen) previously equilibrated in SB, Imidazole (pH 7.0) 
was added to 1 raM, and the slurry was incubated another 
30 min with rotating. The resin was then pelleted by 
centrifiigation in a table-top swinging bucket rotor for 5 min, 
and the supernatant was removed. The resin was washed 
three times by rcsuspending in 40 mL of ice-cold SB plus 1 
mM imidazole, rotating for 15 min, and pelleting. Washing 
was done an additional four times with wash buffer [WB: 
50 mM Hepes (pH 7.0), 700 mM NaCl, 10% glycerol, 5 
mM 2-mercaptoethanol, and 30 mM imidazole (pH 7.0)]. 
Protein was eluted by resuspending the resin in 3 mL of 
elution buffer [EB: 50 mM Hepes (pH 7.0), 700 mM NaCl, 
10% glycerol, 5 mM 2-mercaptoethanol, and 300 mM 
imidazole (pH 7.0)], rotating for 15 min, pelleting, and 
combining the supemetants a total of four times. The 
supernatant was concentrated to 2 mL by ultrafiltration in a 
Centriprep-10 (10 kDa cutoff) (Amicon) and exchanged three 
times in storage buffer [StB: 25 raM Hepes (pH 7.0), 50 
mM NaCl, 5% glycerol, 2.0 rnM DTT, and 0.25 mM EDTA] 
by resuspending in 1 5 mL of StB and concentrating to 2 
mL each time. Protein was stored at 4 °C. Glycerol was 
removed prior to Fe(ll) EDTA mapping experiments by 
exchanging the buffer into StB minus glycerol. 

The purity of recombinant C-terminal truncated PKR was 
estimated to be >90% from overloaded Coomasie blue 
stained protein gels. The concentration of protein was 
generally determined by the relative Coomasie blue staining 
on protein gels with lysozyme standards, while the concen- 
tration of p24, used to obtain the data in Table 1 and in Figure 
1, was determined spectrophotometrically (Gil! & von 
Hippel, 1 989). In control experiments, the N- terminal (His>6 
tag in 1 84 and 220 amino acid proteins was removed by a 
thrombin digest as per manufacturer's instructions (Novagen). 

Preparation of RNAs, DNAs, and Chimeras. TAR and 
dsTAR were prepared by T7 transcription reactions (5 mL) 
containing 40 mM Tris (pH 7.6), 15 mM MgCl 2> 10 mM 
DTT, 2 mM spermidine, 1 mM each nucleoside triphosphate, 
0.75 fiM annealed promoter- template, and 5000 units/mL 
phage T7 RNA polymerase (Milligan & Uhlenbeck. 1989) 
and incubated at 37 °C for 2 h. The promoter sequence was 
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the 23mer: 5'GAAATTAATACGACTCACTATAG3'. 
Samples were purified in 6% acrylamide 1 gels/8 M urea, 
visualized by UV shadowing, excised from the gel, and 
eluted by crushing the gel slice and soaking overnight at 4 
°C in TEN 2$0 [TEN^o: 10 mM Tris (pH 7.5), 1 mM EDTA, 
and 250 mM NaCl]. RNA was concentrated by ethanol 
precipitation, washed with 70% ethanol, and quantitated 
spcctrophotoraetrically. 

All other RNA, DNA, and chimeric oligomers were 
prepared by solid-phase synthesis and deblocked as previ- 
ously reported (Zaug et al, 1994). Oligomer sequences are 
found in the appropriate figure or figure caption. Positions 
of 2'-deoxy- or 2'-methoxy-substituted sugars were confirmed 
by a limited hydrolysis of the 5'- 32 P-labeled chimera, 
followed by running a sequencing gel. 

5'- 32 P- labeled RNAs were generated by treatment with calf 
intestinal phosphatase (for T7 transcripts only), reacted with 
polynucleotide, kinase and [y- 32 P]ATP, repurified by ge] 
electrophoresis, excised from the gel, eluted overnight in 
TEN250 at 4 °C t ethanol precipitated, and resuspended in TE 
[10 mM Tris (pH 7.5) and 0.1 mM EDTA]. Labeled 
duplexes were prepared by annealing the 10 nM 5'- 32 P- 
labeled strand with a 20-fold excess of complementary strand 
in TEN,oo [TEN,oo: 10 mM Tris (pH 7.5), 1 mM EDTA, 
and 100 mM NaCl] at 95 °C for 3 min and cooling on the 
bench for 10 mih. Annealed duplexes were stored at -20 
°C and used immediately after thawing at 22 °C Control 
experiments showed no binlling of protein to ssRNA. 

Binding Assays. Dissociation constants were determined 
by either native-gel mobility-shift assays or by filter binding. 
Duplex RNA was 5'- 32 P-Iabeled and present in limiting 
concentration relative to protein concentrations. Samples 
were prepared in standard binding buffer [BB: 25 mM Hepes 
(pH 7.5), 10 raM NaCl, 5% glycerol, 5 rnM DTT, 0.1 mM 
EDTA, and 0.1 mg/mL herring sperm DNA (Sigma)]. 
Herring sperm DNA was fragmented by sonication to an 
average length of 3-4 kb, boiled for 10 min, and placed 
immediately on ice. Herring sperm DNA, or tRNA, as 
appropriate, was used in each mobility-shift assay to prevent 
sticking of the complex in the wells of the gel. The two 
binding methods gave similar results; however, the mobility- 
shift assay offered the advantage that multiple-protein— RNA 
complexes, important to the interpretation of the data 
presented here, could be directly visualized. In addition, 
filter binding experiments with short substrates suffered from 
poor retention efficiency, especially at high salt concentra- 
tions. 

For the mobility shift assay, binding reactions were loaded 
onto a running 10% (79:1 acrylamide/bis) native gel. The 
gel and the running buffer contained 0.5x TBE [50 mM Tris 
base, 41.5 mM boric acid, and 1 rnM EDTA, (final pH 8.3)]. 
Electrophoresis was performed for 1.5 h at 19 V/crn, at 22 
°C. 

Filter binding experiments were performed in a 96-well 
dot blot apparatus essentially as described (Wong & Lohman, 
1993; Weeks & Cech, 1995) with the following differences. 
Nitrocellulose (Schleicher & Schuell) and Hybond N+ 
raembranes were equilibrated in BB for 30 min at 22 °C. 
Wells were washed with 100 f*L of BB, after which four 
reactions (10 pL each) were filtered. Wells were im- 
mediately washed with 100 jiL of ice-cold BB. 

Dissociation constants for chimera and salt dependence 
experiments were determined by quantifying the fraction (9) 
of RNA bound with a Phosphorlmager (Molecular Dynam- 



ics) and fitting by nonlinear least squares as a function of 
total PKR concentration (eq 1), where € is the observed 



0 = e 



[PKR] 
[PKR]+# d 



(1) 



maximum fraction bound (typically «0.8) and K& is the 
dissociation constant Control experiments were performed 
with 5 and 30 min of incubation of the binding reaction prior 
to loading the gel and gave similar results with the optimal 
fraction bound occurring at 5 min. All mobility-shift assays 
were thus performed with 5 rain of incubation prior to 
loading the gel. For unsubstituted and MID -substituted 
chimeric duplexes which gave two band shifts, K<& were 
calculated by treating bound RNA as a single species equal 
to the sum of both bands. 

Dissociation constants for binding to TAR and dsTAJ* 
were determined by using a two-site binding model, quan- 
tifying the fraction of RNA bound in complex I (0i) and 
complex 2 (62) with a Phosphorlmager, and simultaneously 
fitting (0|) and (0 2 ) to eqs 2 and 3, The interaction free 
energy between the two sites, a measure of cooperativity, 
was determined by eq 4, where the last term arises from 
statistical features due to a reduced number of sites for 
binding of the second protein (Cantor & Schimmel, 
1980). 
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Fe(II) EDTA Mapping. Labeled chimeric duplexes were 
prepared by annealing a 5'- 32 P-labeled strand with excess 
complementary strand, as described above. The top strand 
has a single-stranded tail 5' to a 22 base-pair core, with the 
tail serving as an internal control. Oligomer sequences are 
found in the caption to Figure 6. Mapping conditions were 
adapted from published methods (Tullius & Dombroski, 
1986). Protein without any glycerol was added and incu- 
bated for 5 min at 22 °C and 5 min on ice. (NH 4 )2- 
Fe II (S04h*6H20-Na 2 EDTA, sodium ascorbate, and H2O2 
were freshly prepared and added sequentially (1 nL each; 
\QpL total volume) at final concentrations of 2 mM/4 mM, 
10 mM, and 0.1%, respectively, and incubated on ice for 1 
min. [In the absence of protein, similar amounts of RNA 
cleavage («20%) occurred at 1, 2, 10, and 30 min at 22 °C, 
suggesting 1 min is sufficient to obtain maximal cleavage.] 
Thiourea (10 mM) was added to quench the reaction. Five 
microliters of a formamide/0.1% SDS loading buffer was 
added that included 4 labeled strand, now unlabeled. 
Unlabeled strand was added to dissociate the 5'- 32 P-labeled 
strand from the duplex since the duplex is of sufficient 
stability to remain partially formed on the denaturing gel. 
The mature was heated to 65 °C for 3 min and put on ice. 
A 3 fiL portion of the quenched reaction was loaded on a 
25% (20:1 acrylamide/bis) gel/6 M urea/1 x TBE that had 
been preelectrophoresed for a minimum of 2 h at 75 W. 
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Figure I: Native gel mobility shift for p24 binding to dsTAR. (A) Secondary structures for TAR and dsTAR (Celander & Cech, 1990). 
(By Native-gel mobile-shift experiment for p24 binding to trace amounts of 5'- 31 P-1abeled dsTAR RN A. Experiments were in the presence 
of 0.1 mg/mL ssDNA. Concentrations of p24 used were 0, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 2, and 4 pM. Protein binding to cIsTAR resulted 
m two complexes: Conditions were as described in the text except that samples were loaded afler 1 h of preincubation at room temperature 
onto o 5% (79:1 aoylamide/bis) native gel. (C) Plot of fraction of RNA bound in complex 1 (O) and complex 2 (•) for p24 binding to 
JsTAR. Fits are to eqs 2-4 and give values of K 6l = 0.05 fiM t K*i = 0.3 f*M, and AG? = +0.3 kcal/inol (Table 1). 



Marker lanes were run in Fe(II) EDTA mapping experi- 
ments. G sequencing lanes were prepared by limited 
hydrolysis with RNase T, (and without RNase T, as a 
control), and all-nucleotide sequencing lanes were prepared 
by treatment with alkali (Donis-KelJer et al., 1977). 

Computer-Generated Models. A-form RNA coordinates 
were generated using Insight II molecular modeling software 
(Biosym Technologies). 

RESULTS 

Effect of the (His) 6 Fusion Tag on Binding. To determine 
whether use of the (His) 6 tag affected the outcome of these 
experiments, the tag was removed by a thrombin digest. 
(His) 0 -firee proteins showed identical K&> RNA length 
requirement, and RNA-DNA hybrid band shifts as N- 
terminal (His)6 tag proteins. The (His) 6 tag was not removed 
for most experiments presented, 

A Model System To Study RNA-dsRBD Interactions: 
Minimum-Length Polypeptides and a Binding Assay. RNA 
substrates with and without bulges were prepared. dsTAR 
is a doublerstranded version of TAR with a 24 base-pair stem 
in which the three bulges are deleted and G*U wobble pairs 
converted to G'C base pairs (Figure 1A). We chose TAR 
and dsTAR as model RNAs since TAR has been reported 
to both activate and inactivate PKR depending on TAR 
concentration, suggesting TAR can bind to PKR (Gunnery 
ct al., 1990, 1992; Roy et al., 1991; Maitra et al., 1994). 
Also, the TAR RNA-binding protein (TRBP), which has 
three dsRBMs (Kharrat et al., 1995), binds tightly to TAR 
RNA and dsRJNAs (Gatignol et al., 1991, 1993; Park et al, 
1994). These RNAs are able to support dsRNA-specific 
•binding (Figure 1B,C; Table 1). 

In order to find a minimal-length polypeptide to study, a 
number of C-terminal truncated constructs were examined 
for binding (Figure 2). Constructs that were truncated at or 
before residue 100 did not give binding that was specific to 
dsTAR over all-DNA versions of TAR (dTAR). The 
minimal polypeptide examined that gave* RNA-specific 
binding was 1 10 amino acids in length; its binding to dsTAR, 
however, was very weak (Figure 2). The minimal polypep- 
tide that gave strong RNA-specific binding as assayed by 



Table 1: 


Effects of Bulges and Competitor on RNA Binding to 


p24* 










RNA 


competitor 








(0.1 mg/mL) 


v*M) 


t>M) 


AG?(kcal/mo1) 


dsTAR 


. ssDNA 


0.05 


0.3 


+0.3 


dsTAR 


tRNA"* 


0.4 


0.3 . 


-1 


TAR 


ssDNA 


3 


0.07 


-3.1 


TAR 


tRNA** # 


6 


1 


-1.7 



° Data are fit to a two-step random-order binding mechanism (sec 
Materials and Methods). According to this model, Kax reflects binding 
of one protein to RNA and K& reflects binding of a second protein to 
RNA. AG? is an interaction free energy and estimates the cooperat- 
ivity of protein binding to RNA, where negative values indicate positive 
cooperativiiy. Uncertainties are estimated at 30% in K^s and 5% in A 
Gfs. There was no detectable binding to an all-deoxy version of 
TAR, dTAR, under identical conditions. 

either native-gel or filter-binding experiments was 184 
residues in length and contained both dsRBMl and dsRBM2 
(Figure 2). These observations are consistent with a report 
that a construct with residues 1—129 gave no detectable 
dsRNA binding but a construct with residues 1-170 bound 
dsRNA (Patel & Sen, 1992). The polypeptides discussed 
in the remainder of this paper, p20 and p24 as well as their 
(His) 6 -tagged analogs, are 184 and 220 residues in length. 
These polypeptides contain the same PKR amino acids as 
previously reported constructs (Green & Mathews, 1992; 
Manche et al., 1992). A 1-243 truncated construct bound 
RNA with similar affinity as full-length PKR with a catalytic 
point mutation (McCormack & Samuel, 1995), suggesting 
C-terminal truncated constructs retain wild-type RNA- 
binding activity. A longer polypeptide of 280 residues, 
extending to the kinase domain, bound 22-base pair dsRNA 
but gave complex mobility shifts with mul tip lets of four or 
more bands and was not further investigated (Figure 2). 
Stable RNA binding by the dsRBD from PKR requires both 
dsRBMl and dsRBM2. 

Effects of RNA Structure and Length on dsRBD Binding. 
Initial experiments compared binding of p24 to limiting 
amounts of 5'- 32 P-iabeled RNA in the presence of single- 
stranded DNA (ssDNA) and tRNA competitors. Binding 
of p24 to dsTAR or TAR gave rise to two shifted bands of 
different mobility (e.g.. Figure IB). The fast-mobility band, 
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Figure 2: Polypeptide construct schematic. (Top) Location of 
dsRBMl, dsRBM2, and the kinase domain in the 551 residue PKR. 
dsRBM 1 contains amino acids 6—79 and dsRBM2 contains amino 
acids 96- 169 (St Johnston et al., 1992). The kinase domain resides 
in the C-ierrninal portion of PKR and contains the 1 1 submotifs 
conserved among protein kinases, with domain t starting at residue 
274 (Hanks et al., 1988; McCormack et al., 1992). (Bottom) Protein 
constructs examined for dsRNA binding in this study. Shown are 
the N- and C-temiirial residues of the construct, the presence of 
any hexahistidine tags (He), the presence of any thrombin cleavage 
sites (T), and appropriate abbreviations. dsRNA-specific binding 
means binding specific to TAR and dsTAR RNA over an all-DNA 
version of TAR (dTAR) and is indicated by (-) for no detectable 
specific binding and (+) for weak (K^ » | ^M) and (++) for strong 
{K 6 < 1 fiM) binding. 

complex 1, is an intermediate doublet that formed at low 
concentrations of p24 and was converted to the slow- 
migrating complex 2 at high concentration of p24. The 
doublet nature of complex 1 suggests a minimum of two 
distinct binding sites; thus a two-site random-order model 
was chosen to fit this data, in which one protein binds to 
RNA to give complex 1, followed by binding of a second 
protein to give complex 2 (Materials and Methods). Ac- 
cording to this random-order binding mechanism, formation 
of complexes 1 and 2 is described by dissociation constants 
Adi and Ka and an interaction free energy, AG% t that 
describes any cooperativity for binding of the second protein 
(Table 1). Complex 2 was resistant to the nonspecific protein 
competitor bovine serum albumin (BSA 0.5 mg/mL), sug- 
gesting complex 2 is not simply due to protein-protein 
aggregation (data not shown). 

Table 1 summarizes the effects of adding bulges in the 
RNA substrate (i.e., TAR RNA) and varying the competitor. 
Two trends may be observed: (1) formation of complex 1 
is disfavored by bulges and tRNA competitor, and (2) the 
interaction free energy is largest for the weakest binding 
combinations. The first trend is consistent with the protein— 
dsRNA interactions in complex 1 being weakened by bulges 
and subject to competition by tRNA. fin related experiments, 
tRNA was found to compete weakly for p20 binding to 85 
base-pair dsRNA (Schmedt et al., 1995).} In addition, a 
stronger interaction free energy for proteins in the presence 
of bulges and tRNA competitor suggests that complex 2 is 
not as strongly affected by these factors as complex I. The 
second trend is consistent with a second p24 protein binding 
in a cooperative fashion. This cooperativity could arise from 
favorable protein-protein interactions on the dsRNA, from 
an RNA conformational change induced by binding of the 
fust protein, or both. One plausible RNA conformational 
change would involve the TAR RNA adopting a more 
uniform double-stranded conformation upon binding of the 
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Figure 3; RNA length and single-stranded tail dependence. Binding 
of H*Tp20 to dsRNAs of discrete length. (A) Mobility-shift 
experiment of HUTp20 binding to trace amounts of dsRNA of 
varying length (bp). The top-strand (TS) oligomer was 5'- )2 P-liibeled 
and annealed to excess amounts of unlabeled bottom-strand (BS) 
oligomer. Formation of dsRNA was confirmed by a microshift of 
p*TS upon addition of BS. [Compare (-) and (+), the first and 
second lanes of each RNA length set, respectively ] Sequences of 
TAR-derived duplexes of 18-24 base pairs are shown at the lop. 
The sequence of 16 bp is (TS) 5'GGGUUCCCUGGUUAGC3' and 
(BS) 5 7 GCUAACCAGGGAACCC3'. Concentrations of H 6 Tp20 
used were 0, 0.1, 0.3, I, and 3 ^M. Control experiments revealed 
no binding of I fM p24 to ssRNAs. (B) Mobility-shift experiments 
of H 6 Tp20 binding to trace amounts of RNA with a double-stranded 
section and 5'-single-stranded tail. BS was the 22mer and was 5'- 
"P-labeled and annealed to excess amounts of unlabeled 1 2-, 16% 
1 8-, 20-, and 22mer TS. Formation of the annealed complex was 
confirmed by a microshift of p*BS upon addition of TS. [Compare 
(-) and (+), the first and second lanes of each RNA length set, 
respectively.) Sequences of TAR-derived TS and BS are shown at 
the top. Concentrations of H 6 Tp20 used were as in "(A). 

first molecule of p24. Subsequent experiments were per- 
formed with duplex RNA and ssDNA competitor. 

Discrete-length double-stranded oligonucleotides were 
prepared to test directly the RNA length requirement for 
binding. These RNAs are derived from TAR sequences and 
designed to force a single base-pairing register (Figure 3 A). 
A variety of native-gel and filter-binding conditions gave 
no binding of p24 to dsRNA of 6-16 base pairs, including 
conditions that give successful binding with longer RNAs. 
Moreover, binding was not observed in competition experi- 
ments in which a p*dsTAR-p24 complex was challenged 
with 50 /iM 8 and 16 base-pair dsRNA (data not shown). 

The minimal dsRNAs that bound protein were 16 base 
pairs for H$Tp20 (Figure 3A) and 18 bp for p24 (data not 
shown). H 6 Tp20 binding to 16-20 base-pair dsRNA 
resulted in formation of only complex 1 , with complex 2 
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appearing for .22 and 24 base-pair dsKNA at high protein 
concentration. This suggests that the minimal-length site for 
saturation of longer RNAs is 1 1 base pairs (-22/2), or one 
turn of A-form dsRNA. 

The ability of single-stranded tails to rescue binding of 
short double^stranded helices was also examined. As an 
example of the notation used, 12mer top-strand binding to 
the 5'- 32 P-labeled 22mer bottom strand is called s 12/22. 
Constructs have 5'-single-stranded overhangs. Very weak 
binding of H 6 Tp20 to 12/22 and weak binding to 16/22 and 
18/22 were observed (Figure 3B). Strong binding required 
20 base pairs in 20/22. This result suggests that the dsRBD 
does not strongly interact with single-stranded tails, although 
a slight dsRNA length rescue is observed. In summary, the 
binding of the dsRBD from PKR requires a minimum of 
16-18 base pairs of dsRNA, is not strongly rescued by 
single-stranded tails, and is weakened by RNAs with bulges 
and by tRNA competitor. In addition, the longer p24 
construct shows evidence of protein -protein interaction in 
the presence of dsRNA. 

Requirement of2'-Hydrpxyhfor dsRBD Binding to dsKNA. 
In order to assess the role of the 2'-OH, it was first necessary 
to establish whether the dsRBD from PKR could bind to 
RNA-DNA hybrids. Mobility shifts for RNA-DNA hy- 
brids were examined under conditions that give band shifts 
wilh an RNA-RNA duplex of identical sequence. RNA- 
DNA hybrids and dsDNA did not support band shifts with 
HJp20 (Figure 4 A) or p24 (data not shown), indicating that 
hybrids cannot bind as well as dsRNA. 

It was possible, however, that hybrids could not support 
mobility shifts but could bind weakly to the protein, if so, 
hybrids should be able to compete with limiting amounts of 
radiolabeled dsRNA for binding to polypeptide. As shown 
in Figure 4B, neither dsDNA or RNA-DNA or DNA-RNA 
hybrids, at concentrations to 100 ^M, competed effectively 
with trace amounts, of 5'- 32 P-labeJed dsRNA for binding to 
H 6 Tp20. Only unlabeled dsRNA itself was able to compete 
with release of S'-^-labeled dsRNA. The inability of 
hybrids to compete was not affected by use of different buffer 
conditions (Figure 4B; see Discussion). The ability of the 
dsRBD from PKR to discriminate against RNA-DNA 
duplexes suggests a direct role for the 2'-OH on both strands 
of dsRNA in recognition of the dsRBD from PKR. 

To look more closely at the 2'-OH requirement for binding, 
a series of chimeric duplexes was designed and their ability 
to bind to H 6 Tp20 was tested. A 22 base-pair duplex was 
substituted with 2'-H or 2'-OCH 3 in 12 of 44 sugars in three 
different orientations: on the same face of the duplex one 
turn of the helix apart (SF substituted), clustered in the 
middle of the duplex (MED substituted), and on opposite 
faces of the duplex one and one-half turns apart (OF 
substituted) (Figure 5A). Consider first results for 2'-deoxy 
substitutions. Binding was strongest for the OF-substituted 
duplex with a K* of 0.3 //M, compared to .0.2 pM for the 
unsubstituted duplex (Figure 5B). Binding to SF- and MID- 
substituted duplexes was somewhat weaker with /jf d s of 0.6 
and 2 /M, respectively, the MlB-substituted duplex gave 
rise to two band shifts as with the unsubstituted duplex, while 
the SF- and OF-substituted duplexes gave primarily a single 
band (Figure 5B). Similar results were obtained with 2'- . 
OCHrsubstituted. chimeras (data not shown), with the OF- 
substituted duplex again binding tightest .Curiously, whereas • 
MID-2'-deoxy-substituted oligomers led to two band shifts, 
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Figure 4: No binding of RNA-DNA hybrids or of dsDNA. (A) 
Mobility-shift experiment for H 6 Tp20 binding to trace amounts of 
22mer double-stranded nucleic acids. Top-strand (TS) oligomer was 
5'- 3l Prlabeled and annealed to excess amounts of unlabeled bottom- 
strand (BS) oligomer. . Formation of duplex was confirmed by a 
micro-shift of p*TS upon addition of BS. [Compare (-) and (+ ), 
the first and second lanes of each RNA length set, respectively.] 
Sequences of nucleic acids are (TS) 5'CUGGGUUCCCUGGU- 
UUCGGUCU3' and (BS) 5'AGACCGAAACCAGGGAACCCAG3'; 
rU was replaced by dU in all-deoxy strands. Concentrations of H 6 * 
Tp20 used were 0, 0.06, 0.2, 0.6, 2, 6, and \% pM. Mobility shifts 
were delected only for RNA-RNA duplexes, with formation of 
two complexes. (B) Competition experiments for H*Tp20 (3 ^M) 
binding to trace amounts of 22 base-pair p*dsRNA; sequence of 
dsRNA as in Figure 3 A. Formation of duplex was confirmed as 
described above. A no-competitor shift is shown in the third lane 
of each set. Protein was added to a mixture of trace 22 base-pair 
p'dsRNA and 10 or 100 /iM double- stranded competitor with 
indicated TS/BS combinations; R = RNA and D = DNA. DNA 
strands are with rU replaced by dT. {Replacement of rU by rT has 
little effect on the activity of PKR (Baglioni et al., 1981), suggesting 
the difference between U and T is not significant for binding.] 
Buffer 1 is the I xBB containing 25 mM Hepes (pH 7.5), 10 mM 
NaCl, 5% glycerol, 5 mM DTT, 0.1 mM EDTA, and 0.1 ing/mL 
herring sperm DNA; and buffer 2 contains 10 mM Tris (pH 8.0), 
10 mM NaCl, 10% glycerol, 0.5 mM DTT, 25 mM KCI, 1 mM 
MgCI 2 , 0.2 mM ATP, and 0.1 mg/mL BSA (Bass et al., 1994). 

MID-2'-OCHrSubstituted oligomers led to only a single band 
shift. 

The relative.mobilities of duplexes on native gels provide 
information about their conformation (Bhattacharyya.et al., 
1990; Roberts &. Crotbers, 1992). Nonchimeric duplexes 
ran in the anticipated order dsDNA > RNA-DNA hybrid 
> dsRNA, and all 2'-H and 2'-OCH 3 chimeric duplexes ran 
similarly to each other and to dsRNA (Figure 5C). Similar 
mobilities of chimeric duplexes and dsRNA suggest that 
these duplexes have similar conformations. Thus, results 
with chimeric substitutions likely reflect atomic interactions 
and not differences in helical conformation (see Discussion). 

Chemical Footprinting of the dsRBD-dsRNA Complex. 
To determine whether H&Tp20 protects the minor groove of 
dsRNA, Fe(ll) EDTA chemical footprinting experiments 
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Figure 5: Binding of chimeras. (A) Computer-generated views of A-forni 22 base-pair duplexes. Green balls show positions of 2'-deoxy 
substitutions. Note that the 2'-OHs are located in the witfe, shallow, and accessible minor groove of A-form dsRNA. Twenty-two base pairs 
give two full helical turns. In each duplex, 12 of a possible 44 2'-OHs were substituted. SF = 2'-OH substitution in two sets of six on the 
same face (SF) of the duplex, shown on the left; MID = 2'-OH substitutions in the middle (MID) of the duplex, shown in the center; OF 
= 2'-OH substitutions in two sets of six on opposite faces (OF) of the duplex, shown on the right. Positions of 2'-OH substitutions for SF 
substitutions are in italics; MID substitutions are in lower case; and OF substitutions are underlined: top strand (TS), S'C UGGQ UUC- 
ccugguUUCGGUCUT; bottom strand (BS), 5'AGACCCy<AaccaggGW>4CCCAG3'. 2'-rU is substituted with 2'-dU or 2'-OCHiU.T5yNative~ 
gel experiment for H 6 Tp20 binding to trace amounts of duplex. Experimental conditions were the same as in Figure 4 A. Kd$ are 0.2 /jM 
for RNA- RNA, 0.6 fiM for SF-SF, 2 fiM for MID-MID, and 0.3 fiM for OF-OF. (C) Comparison of native-gel mobility of various 
dsRNA,2'-H- and 2' r OCBrcontaining chimeric duplexes, and RNA— DNA hybrids.. Gel conditions were the same as described in Materials 
and Methods for mobility-shift experiments. The left-hand portion of the gel shows confirmation of duplex fonnation by a microshift of 
p*TS upon addition of BS. (Compare the first and second lanes of each duplex set.) The right-hand portion of the gel shows relative 
mobility of duplexes with the RNA- RNA duplex loaded twice to provide a reference line. D = DNA, R = RNA, S — same face substituted 
chimeric strand, M = middle substituted chimeric strand, and O — opposite face substituted chimeric strand. (D) Model of H 6 Tp20 contact 
on chimeric duplexes. The cylinder represents 22 bp, or two helical turns, of A-form dsRNA. The diagonal stripes represent the minor 
groove of the helix, the shaded stripes represent regions of contact with HeTp20, and each dash represents two deoxy sugars. The unsubstituted 
duplex is the minimal length of dsRNA that can accommodate two HfiTp20s; thus its entire minor groove is shaded. The SF-substituted 
duplex data are consistent with the existence of one unperturbed site with 1 .5 deoxy base pairs at each end. The M ID-substituted duplex 
data are consistent with two suboptimal sites, one at each end of the duplex. The OF-substituted duplex data are consistent with six optimal 
sites in the center of the duplex but not with the binding of two H 6 Tp20s as for the unsubstituted duplex. 



were performed. Free radicals (presumably OH*) generated 
by solvent-based Fe(Il) EDTA have been useful for probing 
DNA structure and RNA secondary and tertiary structure in 
a sequence-independent manner (Hertzberg & Dervan, 1984; 
Tullius & Dombroski, 1986; Latham & Cech, 1989; Celander 
& Cech, 1990, 1991; Murphy & Cech, 1993). In particular, . 
the probe is thought to react with the sugar moiety of the 
backbone to afford strand scission (Hertzberg & Dervan, 
1984; Tullius & Dombroski, 1986). Experiments on tRNA 
suggest the probe reports on the accessibility of the ribose 
1 '- and 4'-hydrogens (Latham & Cech, 1 989), located in the 
minor groove of an A-form RNA helix. Experiments were . 
designed with a duplex region that has chimeric OF substitu- 
tions to allow near wild- type binding and help limit the 
number of registers on the duplex sampled by the polypep- 
tide. In addition, an eight-nucleotide 5'-$ingle-stranded tail 



was present in some of the experiments to serve as an internal 
control for OH* cleavage. Single-stranded and double- 
stranded regions have been shown to have similar reactivity 
to OH* cleavage (Celander & Cech, 1990). 

Experiments were performed with excess protein and 
limiting concentrations of 32 P-labeled duplex. Control 
experiments in which the RNA -protein complex was treated 
with cleavage reagents and then run on a native gel showed 
complete band shifts of nucleic acid to a single complex, 
identical to mobility shifts with untreated complex (data not 
shown). This suggests that the RNA -protein complex is 
stable to the cleavage conditions used. 

As shown in Figure 6A, the double-stranded region was 
protected by HeTp20 from cleavage by the free-radical probe 
for both top- and bottom-strand S'-^-labeled experiments. 
Quantitation of these experiments is shown in Figure 6B. In 
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Figure 6: Fefll) EDTA mapping. Fe(II) EDTA footprinting of an 
annealed top-strand (TS) 30roer-bottom strand (BS) 22mer com- 
plex with an eight nucleotide 5'-single-stranded end and 22 base- 
pair core. The core duplex is chimeric with 2'-H substitutions in 
the opposite face (OF) orientation. Sequences are as follows, with 
positions of deoxy substitution underlined: TS, 5'GOACU- 
CCGCUGGGUUCCCUQGUUUCC GUCU3' ; BS, 5'AGACCG- 
AAACCAGGGAACCCAG3'. (A) Denaturing 25% gefirmWing 
Fe(II) EDTA mapping. A trace amount of 5'- J2 P-labeled 30TSOF 
was annealed to excess BSOF (left-hand portion of the gel), and a 
trace amount of 5'*"P-labe!ed BSOF was annealed to excess 
30TSOF (right-hand portion of the gel). In indicated lanes, H 6 « 
Tp20 was added at 6 uM (enough to give complete mobility shift 
of the complex), and in indicated lanes Fefll) reagents were added. 
G, C, and N are RNase Tl, control Tl, and alkaline digests, 
respectively, of the labeled strand only. Double-stranded (ds) and 
single-stranded (as) regions arc marked. (B) Intensity versus gel 
migration for the final two Fe(ll) reagent-tTeated lanes of each 
radiolabeled oligomer set in (A). Minus-protein lane is represented 
by a dotted.line (•••) and phis-protein lane by a solid line (— \ An 
equal number of cpm of radioactivity were loaded in each lane. 
The loading of equal amounts of radioactivity in each lane wbs 
confirmed by integration of the Phosphorlmager scans. 

top-strand-radiolabeled experiments, H$Tp20 reduced the 
cleavage of the double-stranded region by 60%, while 
cleavage of the single-stranded region was reduced by only 
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Figure. 7: Salt dependence. Dependence of the natural logarithm 
of the association constant on the natural logarithm of the 
monovalent salt concentration for H 4 Tp20 binding to 20 base-pair 
dsRNA; sequence as in Figure 3A. Formation of duplex was 
confirmed as in Figure 3, and binding to rHTp20 gave only a single 
complex. The slope gives 1.05 contacts for NaCI (•) (Record et 
al., 1976). Similar slopes are obtained for a NaOAc (O) and KC1 
(D) corresponding to 1.05 and 0.8 ion pairs, respectively. 

20%. The apparent 20% protection of the single-stranded 
region could be due to nonspecific association of the protein 
with the single-stranded tail, although other effects such as 
quenching of free radicals by the protein could cause apparent 
protection. However, the 40% difference in cleavage 
between the double- and single-stranded regions of the RNA 
can be assigned to preferential protection of the double- 
stranded RNA by the protein. In bottom-strand-radiolabeled 
experiments, H6Tp20 protected the bottom strand to a similar 
extent (50%). In both experiments, protection of the double- 
stranded region is fairly uniform, suggesting that much of 
the minor groove is protected by polypeptide (Figure 6B). 

Determination of the Number of Ion Pairs between the 
dsRBD and dsRNA. Record and co-workers (1976) devel- 
oped a quantitative theory that describes the number of ion 
pairs formed between protein and nucleic acid in terms of 
release of thermodynamically bound monovalent cations 
from the nucleic acid. A plot of In K % versus In [salt] yields 
estimates of both the electrostatic and nonelectrostatic 
components of binding free energy (Record et al., 1976; 
Lohman et al., 1 980). The slope, m, of the plot is related to 
the number of ion pairs, Z, between the phosphate backbone 
and protein by m = — ZW, where V is the fraction of 
counterion thermodynamically bound per phosphate. *P is 
equal to 0.89 for poly(A)-poly(U) (Record et a!., 1976), and 
this value was used as an estimate of V for the 20mer dsRNA 
used here. 

In order to look at RNA— protein and not protein-protein 
interactions, binding of H$Tp20 to 20mer dsRNA, which 
gives a single band shift even at high protein concentration, 
was studied. In addition, since divalent metal is not required 
for binding, it was omitted from these experiments in order 
to simplify the interpretation of the data. Hie slope for NaCI- 
dependence experiments is 0.94, corresponding to 1.05 
(=0.94/0.89) ion pairs (Figure 7). Replacement of either 
the cation by K + or the anion by OAc" resulted in similar 
dependencies (Figure 7), consistent with a general ion effect 
rather than an effect of specific association of either the 
cation or anion with the protein. Extrapolation of the fit in 
Figure 7 to 1 M NaCI (the v-intercept) allows calculation of 
the nonelectrostatic contribution to binding (Record et al., 
1976; Lohman et al., 1980; Witherell & Uhlenbeck, 1989). 
Estimating that the ion pair destabilizes binding by 0.2 kcal/ 
mol at 1 M NaCI (Record et ah, 1976; Lohman et al., 1980), 
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the nonelectrostatic component of binding is -7.6 kcal/mol, 
accounting for approximately 90% of the total free energy 
of binding at physiological salt concentration. 

DISCUSSION 

The dsRBM is an evolutionarily conserved module which 
enables diverse proteins to bind dsRNA (St Johnston et al., 
1992; Kharrat ct al., 1995). Two recent NMR analyses of 
single copies of the motif revealed a structurally compact 
domain (Bycroft et al., 1995a; Kharrat et al., 1995). The 
dsRBM binds dsRNA in a sequence-independent manner 
(Hunter et al., 1975), suggesting that RNA recognition by 
the dsRBM is unique with respect to known RNP complexes. 
We find that the dsRBD from PKR binds dsRNA but not 
RNA— DNA or DNA-RNA hybrids. Our data suggest this 
discrimination exists because the dsRBD makes only one 
ion pair with the phosphate backbone, which is similar 
between dsRNA and hybrids, and instead largely relies on a 
series of nonelectrostatic 2'-OH interactions throughout the 
binding site involving both strands of dsRNA. 

Two dsRBMs of PKR Facilitate Strong Binding of dsRNA. 
Native-gel and filter-binding experiments with a series of 
C-terminal truncated polypeptides indicate that two copies 
of the dsRBM from PKR are needed for strong, dsRNA- 
specific binding. This result contrasts with reports that 
polypeptides derived from PKR containing amino acids 1 —91 
or 1-98, having a full copy of only dsRBMl, bind to dsRNA 
(McCormack et al. f 1992, 1994; Schmedt et al., 1995). In 
addition, other polypeptides containing only one copy of the 
dsRBM can fold into stable structures and bind dsRNA, 
including the third dsRBM from the Drosophila staufen 
protein, the second dsRBM from ihcXenopus Xlrbpa protein, 
and the dsRBM from the Escherichia coli RNase 111 protein 
(St Johnston et al., 1992; Bycroft et al., 1995a,b; Kharrat et 
al., 1995). In the above cases, however, the polypeptide was 
either fused to a larger protein, complexed with an antibody, 
or present at high concentrations that may stabilize the 
protein. In addition, the dsRBMl 1-91 polypeptide binds 
roughly 100- fold more weakly than a polypeptide containing 
both dsRBMs (Schmedt et al., 1995). Requirement of 
tandem dsRBMs for optimal dsRNA binding has been 
reported previously for the Xenopus 4F protein (Bass et al., 
1994). 

dsRBD Binding Requires a Minimum of 16 Base Pairs of 
dsRNA. Data obtained here indicate that H6Tp20 requires a 
minimum of 16 base pairs of dsRNA for strong binding to 
a single site on dsRNA (Figure 3 A), and this requirement is 
not alleviated by a single-stranded tail (Figure 3B). Site- 
saturation experiments with H$Tp20 indicate that two 
polypeptides can bind to 22 or 24 base-pair dsRNA. 
Ignoring looping of the RNA, overlap of protein binding 
sites, and dangling protein, this suggests that a single H*- 
Tp20 occupies a roughly 11 base-pair site on dsRNA, 
equivalent to one turn of A-forra dsRNA (Saenger, 1984). 
This observation is consistent with studies of p20 binding 
to a variety of longer discrete-length dsRNAs that showed 
that, at saturating concentrations of p20, 1 1 base pairs are 
the ntinimal site required for binding (Manche et al., 1992; 
Schmedt et al, 1995). The observation that the site size for 
multiple binding (11 bp) is smaller than that for single 
binding (16 bp) suggests that an adjacent dsRNA-bound 
protein can compensate for the absence of a longer dsRN A 
site. Initial results with a dsRBM from another protein, the 
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third dsRBM from Drosophila. indicate that the minimal 
segment of dsRNA needed for binding is also 1 1 base pairs 
(Bycroft et al., 1995a). 

Experiments with p24 binding to TAR-based oligomers 
indicate that bulges weaken RNA-protein interaction (Figure 
2A, Table 1). Interestingly, PKR's kinase activity is not 
activated if an average of one mismatch is present every 8 
nucleotides in RNA but can be fully activated if the mismatch 
occurs only once every 45 nucleotides (Minks et al., 1979). 
In addition, the loop and bulge of TAR are dispensable for 
inhibition of PKR activation (Gunnery et al., 1992), consis- 
tent with a destabilizing effect of bulges. 

2 '-Hydroxyls of dsRNA Are Involved in Binding. Two 
functional groups in dsRNA that are accessible for sequence- 
independent recognition by a protein are the 2'-OH and 
phosphate. First we will consider data on the 2'-OH. RNA- 
DNA hybrids, where DNA is either the top or bottom strand, 
and dsDNA duplexes are unable to bind to dsRBD constructs 
as assayed both by mobility-shift experiments and by 
competition experiments including 100 /xM competitor 
duplex (Figure 4). The K* for the all-RNA version of these 
hybrids binding to H 6 Tp20 is 0.17 /*M, and a lower limit of 
the K\ for the RNA— DNA hybrid is estimated at > 500 
(=5 x lOOyUM). These dissociation constants lead to a lower 
limit for the AAG° for discrimination against RNA— DNA 
hybrids of > 4.7 kcal/mol. Apparently, the dsRBD from PKR 
recognizes both strands of the dsRNA. Inability of RNA - 
DNA hybrids to bind to the dsRBD from PKR is consistent 
with the inability of such hybrids to activate PKR (Hunter 
etal., 1975; Sen et al., 1978). 

The Xznopus 4F protein, which contains two tandem 
copies of the dsRBM and a C-terminai arginine-glycine- 
rich block, did not support band shifts with RNA-DNA 
hybrids, but lOOmer and 800mer hybrids were able to 
compete for binding at concentrations of only 50 pM (Bass 
et al., 1994). This competition, which is in contrast to our 
results with PKR, cannot be attributed to differences in 
solution conditions (Figure 4B); it may indicate that structural 
differences exist among dsRBDs as required by the specific 
function of the protein or that other RNA -binding motifs 
within a protein affect its recognition properties. The 
Saccharomyces cerevisiae RNase H protein which has two 
copies of the dsRBM is able to bind to hybrids; these 
particular motifs, however, have some variations from the 
conserved dsRBM (Cerritelli & Crouch, 1995). 

Requirement of 2'-OHs for binding was examined further 
by testing a series of partially 2'-H- and 2'-OCH3-substituted, 
chimeric duplexes. The unsubstituted, same- face-substituted 
(SF), middle-substituted (MID), and opposite-face-substituted 
(OF) duplexes showed only modest differences in binding 
(Kit of 0.2, 0.6, 2, and 0.3 pM, respectively; Figure 5B). 
The more striking difference in the behavior of these 
duplexes is in binding stoichiometry. High H6Tp20 con- 
centrations led to primarily one band shift for the OF- 
substituted duplex, as opposed to the two band shifts 
observed for unsubstituted 22 base-pair dsRNA (Figures 4A 
and 5B). This observation suggests that H 6 Tp20 binding is 
destabilized by deoxyriboses at the end of a binding site, 
contacts which would be forced on the OF-subsbtuted duplex 
if it were saturated with two H$Tp20 molecules (Figure 5D). 
Likewise, high H<sTp20 concentrations led to primarily one 
band shift for the SF-substituted duplex (Figure 5B). This 
observation suggests that H 6 Tp20 binding is also destabilized 
by deoxyriboses at the center of a binding site, interactions 
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which would be necessary if the SF-substituted duplex were 
saturated with two H*Tp20 molecules (Figure 5D). Together, 
results with the OF- and SF-chimeric duplexes indicate that 
2'-OHs at both the end and middle of the 11 base-pair site 
contribute to binding. 

The destabilization of binding constants for OF- and SF- 
chiraeric duplexes (relative to unsubstituted RNA) is only 
<2- and <4-foId, respectively. The small magnitude of these 
changes can be most readily explained by the SF-substituted 
duplex having one free site for H*Tp20 binding unaffected 
by deoxy substitutions and the OF-substituted and unsub- 
stituted duplexes having statistically more unsubstituted free 
sites. In particular, the observed K 4 for binding of the first 
protein to a nucleic acid with multiple free sites is the 
for binding to a single site divided by the number of free 
sites (McGhee Sc von Hippel, 1974). Observation that 16 
bp is the minimal-length dsRNA for binding of a single H 6 - 
Tp20 molecule (Figure 3A) suggests that <3 bp flanking 
both sides of an 1 1 bp ribose-containing site are needed for 
binding of the first protein. Given the requirement for 3 
base pairs to flank each site, there are six free sites in each 
of the OF-substituted and unsubstituted duplexes (Figure 5D). 
These free sites are predicted to reduce the observed K d for 
binding of the first protein to OF-substituted and unsubsti- 
tuted duplexes by 6-fold relative to binding to the SF- 
substituted duplex, reasonably consistent with the slightly 
lower A^s observed. 

Binding to MID-substituted molecules led to two band 
shifts for the 2'-H substituted duplex and one band shift for 
the 2'-OCH 3 -substituted duplex. The smallest contiguous 
dsRNA site for this molecule is 8 base pairs: there are two 
of these sites, one at each end of the OF-substituted duplex. 
Given the minimal site described for the SF-substituted 
duplex, the MID-substituted duplex has no free sites unaf- 
fected by deoxy substitutions with 3 flanking base pairs; there 
are, however, two subpptimal sites (Figure 5D). The 
suboptimal nature of the sites explains the 1 0-fold destabi- 
lization in binding. Observation of two band shifts with the 
2'~deoxy-MID-substituted duplex for all but the lowest 
protein concentration suggests that the MID-substituted 
iuplex achieves binding by exploiting cooperative protein- 
protein interactions, as observed in TAR and dsTAR experi- 
ments with the p24 construct (Table 1). 

Overall, the binding constants are weaker with methoxy 
than with deoxy substitutions, and only a single mobility 
shift was observed. Weakened binding could be due to steric 
interference of the bulky methoxy group. Data examining 
PKR activation by a series of 2'-OCH 3 -substituted polymeric 
dsRNAs (rVrC) is consistent with these observations. 
Partially methylated dsRNA (<20% substituted in only one 
strand). fully activates PKR, while more Jully methylated 
dsRNA (40-100% in only one strand) is unable to activate 
PKR (Minks et al., 1980). A single mobility shift may arise 
from the ability of MID 2'-OCH 3 - substituted riboses to 
interact favorably with H6Tp20 as hydrogen bond acceptors. 

dsRNA Binding Specificity Is Not Dominated by Helix 
Conformation. Comparative native-gel assays report con- 
formational differences between duplexes (Bhattacharyya et 
al., 1990; Roberts & Crothere, 1992). Our duplexes had 
relative mobilities as follows: dsDNA > RNA-DNA > 2'- 
OCH 3 chimeric duplexes ^ 2'-H chimeric duplexes > 
RNA -RNA (Figure 5C). Relative mobilities of the non- 
chiraeric duplexes were the same as previously reported 
(Bhattacharyya et al., 1990; Roberts & Crothers, 1992), 
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indicating that this assay is able to differentiate among an 
A-form helix (dsRNA), a B-fonn helix (dsDNA), and an 
intermediate-form helix for the RNA-DNA hybrid (Salazar 
et a)., 1993). Consistent with native gels reporting helix 
conformational information, ordering of native-gel mobility 
is not merely the inverse of molecular weight (i.e., dsDNA 
< RNA-DNA < 2'-H chimeric duplexes < dsRNA < 2'- 
OCHj chimeric duplexes). Chimeric substrates have mobili- 
ties very similar to each other and to dsRNA, suggesting an 
A-form-like geometry. Solution structure data on chimeric 
duplexes support this conclusion since the helical properties 
of the chimeric section of a duplex are closer to A-form than 
to B-form, and the RNA strand of the chimeric duplex is 
A-form (Zhu et al., 1995). 

Since the 2'-substitutions appear to have little, effect on 
helix geometry, it is likely that effects on binding instead 
reflect the disruption of atomic interactions. In addition, 1 0% 
or 20% ethanol, which can make B-form DNA and chimeric 
duplexes more A* form-like and rescue RNA conformation- 
ally dependent protein binding (Baidya & Uhlenbeck, 1995), 
had no effect on binding of dsRNA and chimeric duplexes 
(Bevilacqua and Cech, unpublished results), consistent with 
the chimera binding data reflecting true atomic interactions 
and not differences in helical geometry. 

Minor Groove of dsRNA Is Protected by Protein. Hy- 
droxyl-radical footprinting experiments indicate that the 
dsRBD protects the minor groove of dsRNA in a general 
manner (Figure 6), supporting direct interaction of the dsRBD 
with the minor groove of dsRNA. Lack of a specific Uy 
Tp20 footprint, despite the presence of a chimeric back- 
ground, may be due to some slippage of H6Tp20 on the 
chimeric duplex due to the existence of the six overlapping 
binding sites (previous section). In addition, H 6 Tp20 may 
indirectly block adjacent duplex regions from the Fe(II) 
EDTA probe by a steric effect. In related experiments with 
the adenovirus-associated VA RNA, a well-studied RNA 
hairpin that can inhibit PKR activation (Mathews & Shenk, 
1991), three sugars in one strand of the apical stem were 
protected (Clarke & Mathews, 1995). Thus, in both studies 
recognition of dsRNA by the dsRBD appears to involve a 
series of minor-groove 2'-OH interactions. 

Minor-groove recognition is observed in the binding of 
tRNA Al9 by its aminoacyl-tRNA synthetase (Musier-Forsy th 
& Schimmel, 1992). Binding of RNA substrate by a group 
1 catalytic RNA is largely sequence-independent; il involves 
recognition of a substrate-containing duplex by minor-groove 
interactions with four 2'-OHs on both strands of the duplex 
and the exocyclic amine of G in a terminal G-U pair [e.g., 
see Bevilacqua and Turner (1991), Pyle and Cech (1991), 
Strobel and Cech (]993, 1995)]. 

Small Contribution of Phosphates in dsRBD Binding to 
dsRNA. An experimental approach for determining the 
number of phosphates bound to protein by ion pairing 
involves a theory relating the binding constant to the ionic 
strength (Record et al, 1976). It has been verified experi- 
mentally for both RNA- and DNA-protein complexes. 
Application of this method to the R17 coat protein-RNA 
hairpin complex indicates 4.8 ion pairs between RNA and 
protein (Witherell & Uhlenbeck, 1989). The X-ray structure 
of a very similar RNA -protein complex shows 7 phosphates 
involved in 1 1 interactions with the protein, 5 of which 
involve ion pairs with the basic residues lysine and arginine 
and 6 of which involve polar interactions with asparagine, 
serine, or tyrosine, in good agreement with the solution 
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studies (ValegSrd et a!., 1994) (O. C. Uhlenbeck and H. E. 
Johansson, personal communication). In addition, a model 
study involving pentalysine association with DNA indicates 
the theory accurately describes the number of ion pairs 
(Lohman et al., 1980). 

Studies of specific RNA-protein complexes conclude that 
tat^TAR binding involves 6 ion pairs (Weeks & Crothers, 
1992), R17 coat protein-RNA hairpin binding involves 4-5 
ion pairs (WithereU & Uhlenbeck, 1989), Ul A RBD-RNA 
hairpin binding involves at least 5-7 ion pairs (Hall, 1994), 
and S4— a mRNA binding involves at least 4 ion pairs 
(Deckman et al., 1987). Considering nonspecific DNA- 
protein complexes, gene 32 protein binds to native or ssDNA 
with 2 ion pairs (Jensen et al, 1976), RNase binds to 
denatured DNA with 7 ion pairs (Jensen & von Hippel, 
1976), and lac repressor binds to nonspecific DNA with 12 
contacts (deHaseth et ah, 1977). In sharp contrast, results 
obtained here indicate only one ion pair in the dsRBD- 
dsRNA 20 base-pair complex (Figure 7). A substantial 
number of ionic interactions might make it difficult for a 
dsRMA-binding protein to discriminate against RNA-DNA 
hybrids and dsDNA, all of which have similar presentation 
of their phosphates. 

Salt-dependence experiments have suggested that interac- 
tion of p20 and PKR with VA RNA involves 5 ion pairs 
(Clarke et al., 1994). Protection studies of p20 binding to 
VA RNA indicate 4 phosphates at the base of the apical 
stem -loop, and 3 phosphates in the complex domain are 
protected from iodine cleavage (Clarke & Mathews, 1995). 
These results contrast with observation of a single ion pan- 
between H6Tp20 and dsRNA observed here. There are a 
number of potential explanations for this difference: (1) 
Regions of protection from iodine cleavage may result from 
solvent exclusion and do not necessarily involve protein- 
RNA interactions (Schatz et al., 1991; Rudinger et al., 1992). 
(2) Some of the interactions could be nonionic, as observed 
in the MS2 protein-RNA complex (Valegard et al., 1994) 
(O. C. Uhlenbeck and H. E. Johansson, personal com- 
munication). (3) p20 may recognize VA RNA differently 
than dsRNA. (4) Experiments examining the salt depen- 
dence of binding to VA RNA examined only one protein 
concentration, so it is unclear if the data reflect equilibrium 
binding (Clarke et al., 1994). 

Mutagenesis studies on several dsRBDs have provided 
results consistent with the formation of a single ion pair. 
Single alanine substitutions in PKR reveal only one of the 
conserved basic amino acids (K.60) as absolutely required 
. for binding by a solid-support poly(I)-poly(C) assay (Mc- 
Millan et al., 1995), and mutagenesis studies confirm this 
result (Green & Mathews, 1992; Green et al., 1995). In the 
case of the third dsRBD from the Drosophila staufen protein, 
mutation of surface residues to alanines identifies one lysine 
(K50) as absolutely required for binding by a Northwestern 
assay (Bycroft et al., 1995a). The lysines in these two 
proteins occupy an equivalent position in the dsRBM- 
consensus sequence, situated in the loop between the third 
/?-strand and the second a-helix in the a— 0- a 
secondary structure (Bycroft et al., 1995a), and so may have 
the same function in dsRNA binding. In these studies, other 
lysine residues were found to be important but not essential 
for binding, although K64 in PKR was found to be essential 
for dsRNA binding in other studies with a Northwestern blot 
analysis (McCormack et al., 1994; McCormack & Samuel, 
1995). 
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Only dsRBMl Appears To Contact dsRNA. K60 and K64 
are conserved in both dsRBMl and dsRJBM2 (St Johnston 
et al., 1992); thus, if both dsRBMs were contacting the 
dsRNA, two ion pairs would be expected. This observation, 
in connection with the data of Bycroft et al. (1995a) that a 
single dsRBM from Drosophila also requires 1 1 base pairs 
of dsRNA, suggests that only one of the two dsRBMs in the 
dsRBD from PKR is actually contacting dsRNA. Since 
dsRBMl appears to be more important than dsRBM2 for 
dsRNA binding (Green & Mathews, 1992; McCormack et 
al., 1994; Green et al, 1995; Romano et al., 1995), this 
suggests that only dsRBMl directly contacts the minimal- 
length dsRNAs studied here. Longer dsRNAs are needed 
to activate full-length PKR, with 33 base pairs the minimal 
length and 80 base pairs the optimal length (Hunter et at., 
1975; Minks et al., 1979; Manche el al., 1992). With these 
longer RNAs both copies of the dsRBM may contact the 
dsRNA leading to activation perhaps by a conformational 
change of the protein. The necessity of dsRBM2 for function 
in H 6 Tp20 binding to short dsRNAs studied here may reflect 
protein folding requirements. 
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We have identified a double strand RNose (dsRNaeo) 
activity that can serve as a novel mechanism for chi- 
meric antisense oligonucleotides comprised of 2'-rae- 
thoxy 5' and 3' "wings" on either side of an oligoribo- 
nucleotide gap. Antisense- molecules targeted to the 
point mutation in cod on 12 of Harvey Ras (Ha-Ras) 
mRNA resulted in a dose-dependent reduction in Ha- 
Ras RNA. Reduction in Ha-Ras RNA was dependent on 
the oligoribonucleotide gap size with the minimum gap 
size being four nucleotides. An antisense oligonucleo- 
tide of the same composition, but containing four mis- 
matches, was inactive. 

When' chimeric antisense oligonucleotides were pre- 
hybridized with 17-mer oligo ribonucleotides, extracts 
prepared from T24 cells, cytosol, and nuclei resulted in 
cleavage in the oligoribonucleotide gap. Both strands 
were cleaved. Neither mammalian nor Escherichia coli 
RNase HI cleaved the duplex, nor did single strand 
nucleases. The dsRNase activity resulted in cleavage 
products with 6-phosphate and 3'-hydroxyl termini; 

Partial purification of d 8 RNase from rat liver cytoso- 
lic and nuclear fractions was effected. The cytosolic en- 
zyme was purified approximately 105-fold. It has an ap- 
proximate molecular weight of 50,000-65,000, a pH 
optimum of approximately 7.0, requires divalent cat- 
ions, and is inactivated by approximately 300 idm NaCI. 
It is inactivated by heat, proteinase K, and also by a 
number of detergents and several organic solvents. 



Antisense oligonucleotides have been shown to inhibit gene 
expression for a number of cellular targets (1). These com- 
pounds have proven to be effective research tools and are of 
interest as therapeutic agents. To date most antisense oligonu- 
cleotides studied have been oligodeoxynucleotides. Oligode- 
oxynucleo tides are believed to cause a reduction in target RNA 
levels through the action of RNase H (2), an endonuclease that 
cleaves the RNA strand of RNA:DNA duplexes (3). This en- 
zyme, thought to play a role in DN A replication, has been 
shown to be capable of cleaving the RNA component of oligode- 
oxynucleotide:RNA duplexes in cell-free systems as well as in 
Xenopus oocytes (4-6). RNase H is very sensitive to structural 
alterations in antisense oligonucleotides (7), and thus attempts 
to increase the potency of oligonucleotides by increasing affin- 
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ity, stability, lipophilicity, and other characteristics by chemi- 
cal modifications of the oligonucleotide have often resulted in 
oligonucleotides that no longer generate substrates for RNase 
H when bound to their target RNA (8). RNase H activity is also 
Bomewhat variable (8), thus a given disease state may not be a 
candidate for antisense therapy simply because the target tis- 
sue has insufficient RNase H activity. Therefore it is clear that 
terminating mechanisms in addition to RNase H are of poten- 
tial value to the development of antisense therapeutics. 

In addition to the pharmacological inhibition of gene expres- 
sion described above, it is becoming clear that organisms from 
bacteria to humans use endogenous antisense RNA transcripts 
to. alter the stability of some target mRNAs and regulate gene 
expression (9, 10). The best characterized cases of antisense- 
roediated gene regulation are derived from studies on bacteria; 
for example an endogenous antisense RNA transcript regulates 
the expression of mok mRNA in certain bacteria. As the anti- 
sense RNA level drops, mok mRNA levels riBe, which leads to 
the induction of a cytotoxic protein {hok) t resulting in cell death 
(11). Other systems regulated, by such mechanisms in bacteria 
include the RNA J-RNA II hybrid of the ColEl plasmid (12), 
OOP-cII RNA regulation in bacteriophage A (13), and the copA- 
copT hybrids in Escherichia coli (14). In E. coli the RNA:RNA 
duplexes formed have been shown to be substrates for regu- 
lated degradation by the endoribonuclease RNase III. Duplex- 
dependent degradation has also been observed in the archae- 
bacterium, Halobacterium salinarium, where an antisense 
transcript reduces expression of the early (Tl) transcript of the 
phage gene phiH (15). 

In bacteria, RNase III is the double strand endoribonuclease 
responsible for the degradation of some antisense :eensc RNA 
duplexes. RNase 111 carries out site-specific cleavage of double 
strand RNA (dsRNA) 1 -containing structures and also plays an 
important role in mRNA processing and in the processing of 
rRNA precursors into 16, 23, and 5 S ribosomal RNA (16). In 
eukaryotes, a yeast gene {RNT1) has recently been cloned that 
codes for a protein that has striking homology to E. coli RNase 
III and shows dsRNase activity as well as a role in ribosomal 
RNA processing (17). Avian cells treated with interferon pro- 
duce and secrete a soluble nuclease capable of degrading 
dsRNA (18); however, such a secreted dsRNase activity is not a 
likely candidate to be involved in the intracellular degradation 
of antisenseisense RNA duplexes. Despite these findings, little 
is known about human or mammalian dsRNase activities. 

In this work we have designed chimeric antisense oligonu- 
cleotides that contain 2'-methoxy-modified nucleotides in the 
a wings B and ribonucleotides in the "gap." These compounds 
bind to their cellular targets with high affinity to form an 
oligonucleotidermRNA duplex in cells. Designing a series of 



x The abbreviation* used are: ds, double etrand; Ha-Ras, Harvey 
RAS; pCp, cytidine biophosphate. 
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oligonucleotides with varying ribonucleotide content enabled 
us to identify, and partially purify, an activity in human cells 
and rat liver that requires the formation of a dsRNA region 
(oligoribonucleotide:mRNA) to degrade target RNA in cells. 
The finding that human cells and rat liver contain an activity 
capable of recognizing and cleaving dsRNA suggests that hu- 
msn cells may have conserved mechaniaraa for regulation of 
gene expression by antisense RNA present in prokaryotes. 
Further, this activity presents a novel terminating mechanism 
for antisense drugs. Strategies aiming to exploit this activity to 
its fullest may have important implications for antisense 
therapeutics. 

MATERIALS AND METHODS 

Oligonucleotide Synthesis— UNA gap rner 2^methoxypho6phorothio- 
ate oligonucleotides were synthesized using an Applied Biosystems 360 
B automated DNA synthesizer as described previously (19). Oligonu- 
cleotides were synthesized using the automated synthesizer and 5'- 
dimethoxytrityl 2 , -tert-butyldimethyleily) 3'O-phoephorsmidite for the 
RNA portion end 5'-dimethozytrityl 2'-0-methyl S'-O-phosphroamidite 
for 5' and 3' wings. The protecting groups on the exocyclic amines were 
phenoxy acetyl for riboadenosine and riboguanosine, benzoyl for ribocy- 
tOBinc and 2'-0-methyl A and C, and isobutyl for 2'-Oraethyl G. The 
standard synthesis cycle was modified by increasing the wait step alter 
the delivery of tetrazole and base to 600 s repeated four times for RNA 
and twice for 2'-methoxy. The fully protected oligonucleotide was 
cleaved from the support, and the phosphate group waa deprotected in 
3:1 ammonia/ethano) at room temperature overnight, then lyophilited 
to dryness. Treatment in methanol ic ammonia for 24 h at room tem- 
perature waa then done to deprotect all bases, and the sample was 
again lyophilited to dryness. The pellet was resuspended in 1 M tet- 
rabutylammonium fluoride in tetrahydrofuran for 24 h at room tem- 
perature to deprotect the 2' positions. The reaction was then quenched 
with I m tri ethyl ami no acetate, and the sample was then reduced to 0.6 
volume by rotovac before being desalted on a G2B Bize exclusion column 
(Boehringer Mannheim). The oligonucleotide recovered was then ana- 
lyzed spectrophotometries! ly at 260 nm for yield. Purity was character- 
ized by capillary electrophoresis and by mass spectrometry. In all cases 
the purity was in excess of 90%. 

°*P Labeling of Oligonucleotides— The eenee oligonucleotide was 5'- 
end-labeled with using (y- M PlATP, T4 polynucleotide kinase, and 
standard procedures (20). The labeled oligonucleotide was purified by 
electrophoresis on 12% denaturing polyacrylamide gel electrophoresis 
(20). The specific activity of the labeled oligonucleotide was 
approximately 5000 cpm/fmol. 

Cell Culture and Northern Blot Analysis— T24 human bladder car- 
cinoma cells were maintained as monolayers in McCoyB medium (Life 
Technologies, Inc.) supplemented with 10% fetal bovine serum and 100 
units/ml penicillin. After treatment with oligonucleotide (see below for 
details) for 24 h, cellB were trypsinized and centrifuged, and total 
cellular RNA was isolated according to standard protocols (20). To 
quantitate the relative abundance of Ha-Ras mRNA, total RNA (10 jig) 
waa transferred by Northern blotting onto a Bio-Rad.Zeta probe mem- 
brane (Bio-Rad) and UV cross-linked (StrataKnker, Stratagene, JLa 
Jolla, CA). Membrane-bound RNA was hybridized to s "P-labeled 
0.9-kilobase pair Ha-Ras cDNA probe (Oncogene Science, Pasadena, 
CA) and exposed to XAR film (Eastman Kodak Co.). The relative 
amount of Ha-Ras mRNA was determined by normalising the Ha-Ras 
signal to that obtained when the same membrane waa stripped and 
hybridized with a probe for human glyceraldehyde-3- phosphate dehy- 
drogenase (CLONTECH, Palo A)U>, CA). Signals from Northern blots 
were quantified using a Phosphorlmager. and Imagequant software 
(Molecular Dynamics, Sunnyvale, CA). 

Oligonucleotide Treatment of Cells — Cells growing as a monolayer 
were washed once with warm phosphate-buffered saline, then Opti- 
MEM (Life Technologies, Inc.) medium containing Lipofectin (Life 
Technologies, Inc.) at a concentration of 5 ^g/ml per 200 nM of oligonu- 
cleotide up to a maximum concentration of 15 mg/ml wbb added. Oli- 
gonucleotides were added and the cells were incubated at 37 °C for 4 h, 
after which the medium was replaced with full serum medium. After 
24 h in the presence of oligonucleotide, the cells were harvested, and 
RNA was prepared for further analysis. 

RNase H Analysis — RNase H analysis waa performed using a chem- 
ically synthesized 17-base oligoribonucleotide complementary to bases 
+ 23 to +40 of activated (codon 12 mutation) Ha-Ras mRNA. 20 nM of 
the 5 '-end -labeled RNA was incubated with a 100-fold molar excess of 



the various antisense oligonucleotides in a reaction containing 20 mM 
Tris-CI, pH 7.5, 100 mM KCI, 10 mM MgCI,, 1 mM dithiothreitol, and 4 
units of RNase inhibitor (Pharmacia Biotech Inc.) in a final volume of 10 
ul. Secondary structures in the oligonucleotides were melted out by 
heating to 95 °C for 5 min, followed by slow cooling to room tempera- 
ture. Duplex formation was confirmed by the shift in mobility between 
the single strand end -labeled sense RNA and the annealed duplex on 
nondenaturing polyacrylamide gels. The resulting duplexes were tested 
as substrates for digestion by either E. coli RNase Hi (U. S. Biochemical 
Corp., Cleveland, OH) or mammalian RNase HI (partially purified from 
calf thymus). 1 p\ of a 1 x 10"* mg/ml solution of either E. coli RNase 
HT or mammalian RNase HI was added to 10 ul of the duplex reaction 
and incubated at 37 'C for 30 min, after which the reaction was termi- 
nated by the addition of denaturing loading buffer. Reaction products 
were resolved on a 12% polyacrylamide gel containing 7 m urea and 
exposed to XAR Him (Kodak). 

Cell free in Vitro Nuclease Assays— Duplexes used in the cell -free 
T24 extract experiments were annealed as described above. Alter for- 
mation of the duplex the reaction was treated with 1 ul of a mixture of 
RNase T and A (RPAIK kit, Amnion, Austin, TX) and incubated for 15 
min at 37 *C, to remove any nonduplexed single strand oligonucleo- 
tides. The duplex was then gel-purified from a nondenaturing 12% 
polyacrylamide gel. T24 cell nuclear and cytosolic fractions were iso- 
lated as described previously (21). 10 ul of the annealed duplexes were 
incubated with 20 ug of the T24 nuclear or cytosolic extract at 37 *C. 
The reaction was terminated by phenol/chloroform extraction end eth* 
anol-precipitated with the addition of 10 jig of tRNA as a carrier. Pellets 
ware resuspended in 10 jd of denaturing loading dye, and products were 
resolved on 12% denaturing acrylemide gels as described above. 03 P- 
Labeled 17-base RNA was baae-hydrolyzed by heating to 95 *C for 10 
min in the presence of 60 mM NaC0 9 , pH 9.0, to generate a molecular 
weight ladder. 

Duplexes for the rat liver extracts wore prepared in 30 *U of reaction 
buffer (20 mM Trie-HCl (pH 7.5), 20 mM KCI, 10 mM MgCI 3 , 0.1 mM 
dithiothreitol) containing 10 nM antisense oligonucleotide and 10 s cpm 
of 32 P-labeled sense oligonucleotide. Reactions were heated at 90 *C for 
5 min and incubated at 37 *C for 2 h. The oligonucleotide duplexes were 
incubated with either unpurified and semipurified extracts at a total 
protein concentration of 25 «g of un purified cytosolic extract, 20 ug of 
unpurified nuclear extract, 1-4 jjJ (1-4 ug) ion -exchange-purified cy- 
toaolic fraction, or 1-4 ul (100-400 ng) ion -ex change and gel filtration- 
purified cytosolic fractions or ion-exchange-purifted nuclear fraction. 
Digestion reactions were incubated at 37 *C for 0-240 min. Following 
incubation, 10 u4 of each reaction were removed and quenched by 
addition of denaturing gel loading buffer (5 ul of 8 m urea, 0.25% xylene 
cyanol FF, 0.25% bromphenol blue). The reactions were heated at 95 *C 
for 5 min and resolved in a 12% denaturing polyacrylamide gel. To 
perform nondenaturing gel analysis, 20 ul of the reaction mixture were 
quenched by adding 2 jil of the native gel loading buffer (50% glycerol, 
0.26% bromphenol blue FP). The reactions were resolved in a 12% 
native polyacrylamide gel containing 44 roM Trie borate and 1 mM 
MgClj. Gels were analyzed using a Phosphorlmsger (Molecular Dy- 
namics, Sunnyvale, CA). 

Determination of 6' and 3* Termini— Nonlabeled duplex was treated 
with T24 extracts as described previously. Half of this reaction was then 
treated with calf intestinal phosphatase (Stratagene) while the other 
half was left untreated. The phosphatase was inactivated by heating to 
95 °C, and the reactions were extracted with phenol/chloroform and 
then precipitated in ethanol with glycogen as a carrier. The precipitates 
were then treated with T4 polynucleotide kinase (Stratagene) and [y- 
8a P)ATP (ICN, Irvine, CA). The samples were again extracted by phe- 
nol/chloroform and precipitated with ethanol. The products of the reac- 
tion were then resolved on a 12% ecrylamide gel and visualized by 
exposure to Kodak XAR film. The 3' terminus of the cleaved duplex was 
evaluated by the reaction of duplex digestion products with T4 RNA 
liga B e (Stratagene) and P'PJpCp (ICN). 

Liver Extraction and Preparation of Nuclear and Cytosolic Frac- 
tions— Q.S kg of rat liver was blended (Waring Commercial Blender, 
Dynamics Co. of America, New Hartford, CT) and homogenized (Poly- 
tron homogenizer, Brinkmann) in 5 ml of buffer X (10 mM Uepea, pH 
7.5, 26 mM KCI, 0.15 mM spermine, 0.6 mM spermidine, 1 mM BDTA, 2 
M sucrose, 10% glycerol Vg tissue and centrifuged (Beck man centrifuge 
J2-21M) at 10,000 rpm for 40 min. The supernatant was precipitated 
with 40% ammonium sulfate (Sigma). All the activity was recovered in 
the 40% ammonium sulfate precipitate. The pellet was resuspended in 
buffer A (20 mu Hepes. pH 6.5. 5 mM EDTA, 1 roM dithiothreitol, 0.25 
mM phenylmethylsulfonyl fluoride, 0.1 M KCI, 6% glycerol, 0.1% Non- 
idet P-40, and Triton X-100) and dielyxed to remove ammonium sulfate. 
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Approximately 40 g of cytosolic extract were obtained from 0.5 kg of 
liver. 

The crude nuclear pellet waa re suspended and homogenized in a 
glass Dounce homogeniter (Tenbroeck Tissue Grinders. Willard, OH) in 
buffer Y (20 mw Hepes, pH 7.6. 0.42 m NaCI, 1.6 mM MgClj, 0.2 mM 
EDTA, 0.5 mM dithiothreitol, 0.5 mM phenyl methylsulfony I fluoride, 
25% glycerol). The horoogenate was centrifuged at 10,000 rpm for 1.5 h. 
The supernatant was precipitated with 70% ammonium sulfate. The 
pellet was resuspended end dialyzed in buffer A. Approximately 5 g of 
nuclear extract were obtained. 

Jon-exchange Chromatography— Nuclear end cytosolic extracts in 
buffer A were centrifuged at 8,000 x g for 10 min. and the supernatant* 
were loaded onto Hi-Trap SP ion-exchange (Pharmacia Biotech, Swe- 
den) columns in fast protein liquid chromotography. They were eluted 
with a linear gradient of NaCI, and samples were collected, directly 
ana ly red for activity, and measured for protein concentration (Bio- Had). 

Gel Filtration High Performance Liquid Chromatography — Active 
samples from the ion-exchange chromatography were pooled, concen- 
trated by a centrifugal filter device (Millipore Co., Bedford, MA), ap- 
plied to a TSK G-3000 column (Tobo Haas, Montgomeryville, PA) with 
running buffer A containing 100 mM NaCI. SampleB were collected and 
UV absorption at 280 nM was determined; then they were directly 
analyzed for activity and measured for protein concentration. Concen- 
trated fractions from the gel filtration chromatography were subjected 
to 12% SDS-polyacrylamide gel electrophoresis (20). 

RESULTS 

Chimeric 2' -Methoxy-Oligoribonucleolides (RNA GAP Mer) 
Mediate Digestion of Target RNA in T24 Cells— In two previous 
publications, structure-activity analyses of antisense oligonu- 
cleotides specific for codon 12 of the Ha-ros oncogene contain- 
ing various 2 '-sugar modifications were reported (22, 23). Al- 
though the 2' -modified oligonucleotides hybridized with 
greater affinity to RNA than did unmodified oligodeoxynucle- 
o tides, they were completely ineffective in inhibiting Ha-ras 
gene expression (23). The lack of activity observed with these 
2'-xnodified oligonucleotides was attributed to their inability to 
create duplexes that could serve as substrates for degradation 
by RNase H when bound to their target RNAs (22). Because 
2 '-modified, and more specifically, 2'rmethoxy oligonucleotides 
do not result in the nucleolytic degradation of their target 
mRNA, they provide a unique tool for the identification of novel 
nucleolytic activities that .become activated when structural 
changes are introduced to fully modified 2'-methoxy antisense 
oligonucleotides. 

In this study we have introduced ribonucleotide stretches of 
various lengths into the center of 17-baBe 2 r -methoxy oligonu- 
cleotides targeting Ha-Ras mKNA, to form 2'-methoxy-ribonu- 
cleotide 2 '•raethoxy phosphorothioate oligonucleotides (RNA 
gap mera) (see Fig. I, A and B, for structures). When hybridized 
to the cellular mRNA target, the resulting duplex consists of 
two regions that are not targets for nucleolytic degradation (the 
2'-methoxy "wings") and one oligoribonucleotide:RNA duplex 
region that is potentially a target for a ribonuclease activity 
that recognizes RNA; RNA duplexes. 

T24 human bladder carcinoma cells contain an activating 
G213T trans version mutation in the Ha-ros gene at the cod on 
12 position (24). Chimeric RNA gap mer antisense oligonucleo- 
tides specific for this mutation were transfected into T24 cells 
growing in culture. After incubation with oligonucleotides for 
24 h, cells were harvested, total cytosolic RNA was isolated, 
and Northern blot analysis for Ha-Ras mRNA levels was per- 
formed. As previously observed, fully modified 2'-methoxy oli- 
gonucleotides did not support nucleolytic cleavage of target 
mRNA and therefore did not lead to a reduction in steady state 
levels of Ha-Ras mRNA, even at the highest concentration 
tested (Fig. 2A, top panel, full 2''metkaxy). An RNA gap mer 
oligonucleotide with only 3 ribonucleotides .in the gap waa also 
incapable of inducing nucleolytic cleavage of the target RNA 
(Fig. 2A, bottom panel, 3 GAP RATA). However, T24 cells treated 
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FlG. 1. Structure of chimeric RNA gap mer oligonucleotides. A, 
chemical structure* show 2 nucleosides of a chimeric 2 '-methoxy- ribo- 
nucleotide oligonucleotide molecule, with a phosphorothioate linkage 
between the nucleotides. B, schematic shows the design and composi- 
tion of oligonucleotides used in this study. Open squares represent 
2 '-roe thoxy -modified nucleotides, filled circles represent ribonucleoti- 
des, Phosphorothioate linkages are present throughout all the oligonu- 
cleotides shown. 

with RNA gap mer oligonucleotides containing 5, 7, and 9 
ribonucleotides in the gap ae well bb a full phosphorothioate 
oligoribonucleotide molecule displayed dose-dependent reduc- 
tions in Ha-Ras steady state mRNA levels (Fig. 2B, top four 
panels, respectively). T24 cells treated with a control 9-baBe 
RNA gap mer oligonucleotide that contained four mismatched 
bases in its sequence did not show doBe -dependent reduction in 
Ha-Ras mRNA suggesting that hybridization to the target RNA 
was essential for activity (Pig. 2B, bottom panel). The ability of 
the RNA gap mer oligonucleotides to reduce Ha-Ras mRNA 
was dependent on the number of ribonucleotides incorporated 
into the RNA gap and thus the size of the RNA: RNA duplex 
formed in cells. The fact that the RNA gap mer oligonucleotide 
containing three ribonucleotides in the gap was unable to in- 
duce reduction in target mRNA suggests that the activity in- 
volved requires an RNARNA duplex region of at least four 
ribonucleotides for cleavage of the target. T24 cells treated with 
600 nM of the various RNA gap. mer oligonucleotides demon- 
strated a reduction in Ha-Ras mRNA levels of 51 ± 8% for the 
6 RNA gap mer, 49 ± 4% for the 7 RNA gap mer, 77 ± 1% for 
the 9-base RNA gap mer, and 98 ± 5% for the full oligoribo- 
nucleotide, respectively, when compared with nontreated con- 
trols. The full phosphorothioate oligoribonucleotide molecule 
was slightly less active than the RNA gap mer oligonucleotides. 
This is probably due to the relative decrease in stability of the 
full oligoribonucleotide in cells resulting from inactivation by 
single stranded ribonucleases, as phosphorothioate 2'-methoxy 
modified oligonucleotides are considerably more stable than 
phosphorothioate oligoribonucleotides (25). This suggests that 
for therapeutic purposes RNA gap mer phosphorothioate oligo- 
nucleotides protected by 2* -methoxy wings (or other even more 
stable 2' modifications) would be more potent molecules. These 
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Fig. 2. Ha-Rae mRNA levels in cell* treated with full 2'.xnetho*y or chimeric RNA gap mer oligonucleotides, A, Northern blot 
ana yees for Hb-Rsb mRNA levels in T24 cells treated with the indicated doaea of full 2'-raethoxy oligonucleotide (top panel) or 3^ap oligoribo- 
nucleotide (bottom panel) [or M h. The upper band is the signal for HaRas. This signal wea normalised to that obtained for glyceraldehyde-2- 
phoaphate dehydrogenase (G3PDH) (lower band), and relative Ha-Ras levels were determined and are presented graphically (right panel). Neither 
ohgonuckotide treatment reduced Ha-Ras mRNA levels. B t Northern blot analyses of T24 cell treated as in A, except with chimeric RNA gap mer 
oligonucleotides containing either a 6. 7, or 9 ribonucleotide gap or a full ribonucleotide molecule (top four panels, respectively). Cells were also 
treated with e control oligonbonucleotide that contains nine ribose nucleosides with four mismatched bases to the Ha-Ras mRNA sequence (bottom 
panel). Ha-Ras signals were normalized to that of G3PDH. and relative Ha-Ras levels are shown (right panel) 



experiments demonstrate that an endoribonucleaee activity in 
T24 human bladder carcinoma cells recognizes the internal 
oligoribonucieotide:RNA portion of a chimeric duplex and re- 
duces target mRNA levels. 

An Activity Present in Human Cellular Extracts Induces 
Cleavage of RNA Gap Mer Oligonucleatidt&NA Duplex within 
the Internal RNA:RNA Portion in Vitro— To further character- 
ize the dsRNA cleavage activity in T24 cells, we prepared T24 
cellular extracts and tested these for (he ability to cleave a 
17-base pair duplex consisting of. the 9-base RNA gap mer 



oligonucleotide annealed to its complementary "P-end-labeled 
oligoribonucleotide. The S2 P- labeled duplex was incubated 
with 20 fig of cytosoHc extract at 37 °C for the indicated times 
(Fig. 3A), followed by phenol chloroform extraction, ethanol 
precipitation, and separation of the products on a denaturing 
gel. This duplex was a substrate for digestion by an activity 
present in T24 extracts as can be seen by the loss of full-length 
end-labeled RNA and the appearance of lower molecular 
weight digestion products (indicated by arrows, Fig. 3A). In 
addition, the activity responsible for the cleavage of the duplex 
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tracts and RNase II on duplexes in WORKER EXTRACT (Wn) 

vitro. A, a 17-base pair duplex consisting 1 1 • 0 8 15 1 rnam H: 

of the HaRas targeted 9-base RNA gap 
raer oligonucleotide annealed to a w P-la- 
beled RNA . complement was incubated 
with 20 -og of a T24 cytosolic protein frac- 
tion for the indicated times at 37 °C, the 
reaction was stopped, and products were > 
resolved on a denaturing poly acryla mid e 
gel. Digestion. products (arrows) indicate 
that cleavage of the duplex is restricted to 
the RNA: RNA region (see schematic of 
duplex, far right). B t the same 9-base 
RNA gap mer oligonucleotideiRNA du- 
plex as in A was incubated with or with* 
out E. coli RNase H (-, +). The lack of 
digestion products indicates that thia du- 
plex is not a substrate for RNase H (right 
panel). Duplexes consisting of M P-labeled 
RNA annealed to either a full oligodeoxy- 
nucleotide (middle panel) or 9-base DNA 
gsp mer oligonucleotide (left panel) are 
substrates for cleavage by RNase H and 
thus generate digestion products as ex- 
pected (arrows). 



displayed specificity for the RNA:RNA portion of the duplex 
molecule, as indicated by the sizes of the cleavage products it 
produced (see the physical map of the 32 P-end-labeled 9-base 
RNA gap mer:RNA duplex, Pig. 3A, for right). To evaluate the 
cellular distribution of this dsRNase activity, nuclear extracts 
were prepared from T24 cells and tested for the ability to digest 
the 9-base RNA gap raer oligonudeotide:RNA duplex. Nuclear 
extracts prepared from T24 cells wore able to degrade the 
target duplex, and the activity was present in the nuclear 
fraction at comparable levels to that in the cytoplasmic frac- 
tions (data not shown). Cellular extracts prepared from human 
umbilical vein epithelial cells, human lung carcinoma (A549), 
and He La cell lines all contained an activity able to induce 
cleavage of the 9-base RNA gap mer:RNA target duplex in 
vitro. This activity was abolished by pretreatment of the ex- 
tracts with proteinase K for 15 min at 65 °C (data not shown). 

The initial RNA gap mer antisense oligonucleotides were 
synthesized to contain phosphorothioate linkages throughout 
the entire length of the molecule. As this results in increased 
stability to single strand nucleases, we reasoned that it would 
inhibit cleavage of the antisense strand by the dsRNase as well. 
Therefore, to determine if the activity we have described can 
cleave both strands in a RNA duplex molecule, we synthesized 
a 9-base RNA gap mer antisense oligonucleotide that contained 
phosphorothioate linkages in the wings between the 2'-me- 
thoxy nucleotides but had phoaphodiester linkages between the 
nine ribonucleotides in the gap. A duplex comprised of the 
33 P-labeled 9-base RNA gap mer phosphodiester/phosphoro- 
thioate antisense oligonucleotide described above and its com* 
plementary oligoribonucleotide was tested as a substrate for 
the dsRNase activity in T24 extracts. The activity was capable 
of cleaving the antisense strand of thiB duplex as well as the 
sense strand and the pattern of the digestion products indi- 
cated that cleavage was again restricted to the RNA:RNA phoa- 
phodiester portion of the duplex (data not shown). 

An RNA Gap Mer Oligonucleotide.RNA Duplex Is Not a 
Substrate for RNase HI— To exclude the possibility that the' 
cleavage seen might be due to an RNase H type activity, we 
tested the ability of E. coli RNase H to cleave a 17-base pair 
duplex composed of the 9-base RNA gap mer oligonucleotide 



and its complementary 6'- 32 F-labeled oligoribonucleotide in 
vitro. As can be seen in Fig. 3B (far right panel), the 9-base 
RNA gap mer oligonucleotide:RNA duplex was not a substrate 
for RNase H cleavage as no lower molecular weight bands 
appeared when it was treated with RNase H. However, as 
expected both a full oligodeoxynucleotide:RNA duplex and a 
9-base DNA gap mer oligonucleotide:RNA duplex were sub- 
strates for RNase HI under the same conditions, as is evident 
by the appearance of lower molecular species in the enzyme- 
treated lanes (Fig. 3£, left and middle panels). It is interesting 
to note that RNase HI cleavage of the 9-base DNA gap mer 
oligonucleotide:RNA duplex (Fig. 3B, left panel) and cleavage of 
the 9-base RNA gap mer oligonutleotiderRNA duplex by T24 
cellular extracts resulted in similar digestion products (Fig. 
3A). Both RNase HI and the activity in T24 cells displayed the 
same preferred cleavage sites on their respective duplexes. 
Cleavage was restricted to the 3' end of the target RNA in the 
region opposite either the DNA or RNA gap of the respective 
antisense molecule. This suggests that RNase H and the dsR- 
Nase activity described here may share binding as well as 
mechanistic properties. 

dsRNctse Activity Generates diphosphate and 3'-Hydroxyl 
Termini— To determine the nature of the 5' termini resulting 
from cleavage Of the duplex in vitro, nonlabaled duplex was 
incubated with T24 cellular extracts as described previously, 
then reacted with T4 polynucleotide kinase and l-y- 33 PJATP 
with or without prior treatment with calf intestinal phospha- 
tase. Phosphatase treatment of the duplex products was essen- 
tial for the incorporation of the 88 P label during the reaction 
with polynucleotide kinase, indicating the presence of a phos- 
phate group at 5' termini of digestion products (data not 
shown). The 3' termini of the cleaved duplex products were 
evaluated by the reaction of duplex digestion products with T4 
RNA ligase and l sa P]pCp. T4 RNA ligase requires a free 3'- 
bydroxyl terminus for the ligation of [ 32 P)pCp. The ability of 
the duplex digestion products to incorporate l 3a PJpCp by T4 
RNA ligase indicated the presence of 3'-hydroxyl groups (data 
not shown). 

dsRNase Activity in Rat Liver— -To determine if non-human 
mammalian cells contain dsRNase activity, and to provide a 
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Pic. 4. Two sets of duplex oligoribonucleotide substrates for 
the dsRNase activity assay in nondenaturing and denaturing 
acrylamide gel assays. P~O t phosphodiester linkage; P=5, phoapho- 
rothioate linkage; 2' Ome t 2'-roethoxy nudeoaide. A> sense strand haB 
P=S in the wings. B> sense strand was 2' Oms and P=S in the winga. 

source from which the activity might be purified, we choae rat 
liver. In preliminary experiments, dsRNase activity was ob- 
served in rat liver homogenates, but the boraogenates also 
displayed higher levels of single strand RNases that con- 
founded analysis because of cleavage of the oligoribonucleotide 
overhangs after cleavage by dsRNase. To solve this problem, 
we used two additional substrates and a nondenaturing gel 
assay. The "antisense" strand in both substrates contained 
2'-methoxyphosphorothioate wings on either aide of an nine- 
base ribonucleotide phosphodiester gap. The "sense" strand 
was either an oligoribonucleotide, with phosphodiester in the 
9-base gap flanked by phosphorothioate linkages (Fig. 4A), or 
had flanks comprised of 2'-methoxy nucleosides with phospho- 
rothioate linkages (Pig. 4B). Both substrates were more stable 
to exonuclease digestion than an oligoribonucleotide, and the 
substrate with phosphorothioate linkages and 2'-methoxy 
nucleosides in both strands was extremely stable. This was 
important because of the abundance of single strand RNases 
relative to the dsRNase activity in the liver and supported the 
use of nondenaturing assays, as the products of the cleavage by 
dsRNase remained double-stranded. 

Rat liver cytosolic and nuclear extracts induced cleavage of 
the duplex substrate (Pig. 6, lanes. 2 and 3). Both extracts 
resulted in more rapidly migrating bands on native gel electro- 
phoretic analyses. A dsRNase, RNase VI cleaved the substrate 
{lanes 16 and 17); T24 extracts also cleaved the substrate {lanes 
18 and 19). Neither bacterial nor human RNase H, nor single- 
strand RNases cleaved the substrate {lanes 4-15). 

Fig. 6A shows the elution profile of the rat liver cytosolic 
extract after ion-exchange chromatography. Fig. 6B shows that 
the dsRNase activity eluted in fractions 63-63 (300-450 ran 
NaCl). In contrast, the dBRNase activity in the nuclear extract 
eluted at 70Q-80Q mid NaCl (Pig. 6, C and D). In some chro- 
mstographic separations, activities that eluted at both high 
and low NaCl concentrations were observed in the cytosol end 
the nucleus. 

Fractions from the ion-exchange chromatography of rat liver 
cytosol were concentrated and subjected to size exclusion chro- 
matography as described under "Materials and Methods." Fig. 
1A shows the elution profile and Fig. IB the activity profile of 
cytosolic dsRNase after size-exclusion chromatography. Fig. 7C 



Fic. 5. Cleavage of substrates by rat liver cytosolic and nu- 
clear extracts. Antisense and sense oligonucleotides were annealed 
and incubated with the cellular extracts and variety of RNaaes, then 
subjected to native 12% acrylamide gel, as described under "Methods 
and Materials." Lane 1, RNA duplex substrate; lanes 2 and 3, duplex 
digeated with partially purified rat liver cytosolic U /*g) or nuclear 
extract (0.1 tig); lane 4, RNase A (10'* unto); lanes 5 and 6\ RNaae CL3 
<1 and 10" 1 unit); fanes 7 and 8, partially purified calf thymus RNase H 
(1/5 and 1/50 unit); lanes 9 and 10, E. coli RNase H, (1/400 and 1/400O 
unit); lanes 1 1 and 12: RNaae Ti (10 _1 and 10" a unit); lanes 13 and 14 
RNaae T2 (1 and 10" 1 unit); lane 15, RNaee Si (1 unit); lanes IB and ll\ 
RNase V, (1 and 10" 1 unit); laneu 18 and 19, T24 cellular extract (20 
and 40 ug). 

shows a polyacrylamide gel electrophoretic analysis of the con- 
centrated active fractions, after the ion-exchange chromato- 
graphy, and the fractions from the size exclusion chromatogra- 
phy. The fraction with greatest dsRNase activity {fraction 3) 
had a mean molecular mass of 45-80 kDa, and two bands at 
approximately 50 JcDa appeared to be enhanced on polyacryl- 
amide gel analysis. Comparison of the gel analysis of fractions 
3 and 4 shows that proteins of approximately 40 and 64 kDa did 
not co-purify with the dsRNase activity. Lone 5 shows that a 
protein of approximately 65 kDa did not co-purify with the 
activity. Obviously, fraction 3 represents only a partially puri- 
fied fraction. Table I provides a summary of the purification 
and recovery of dsRNase activities from nuclear and cytosolic 
liver extracts. Purification of the protein(s) responsible for the 
nuclear activity has proven more difficult and will be the sub- 
ject of an additional communication. 

The effects of various conditions on the dsRNase activity 
were evaluated using the active fractions alter ion-exchange 
chromatography. Fig. 8 shows that dsRNase activity was ap- 
parent in a Tris or phosphate buffer at pH 7-10 {lanes 1-16). It 
was unstable in acetonitrile or methanol (lanes 42 and 43) and 
was inhibited by NaCl; dsRNase activity was inhibited by 30% 
at 10 n>M, >60% at 100 dim, and 100% at 300 mM NaCl {lanes 

36- 40). Heating for 5 min at 60 °C inactivated the enzyme 
{lanes 21-23\ and the activity had a temperature optimum of 

37- 42 *C {lanes 27-29). At 25 °C, the activity was approxi- 
mately 50% of that observed at 37 8 C {lane 30). The activity was 
inhibited by EDTA {lanes 31-35), required Mg 2 * and was sta- 
ble to multiple freeze/thaws {lanes 24-26). It also was ablated 
by treatment with proteinase K (data not shown). 

Cleavage Characteristics— To characterize the site of cleav- 
age in more detail, it was necessary to minimize single strand 
cleavage that occurred after endonuclease cleavage and during 
handling, particularly after denaturing of the duplex. Conse- 
quently,, we used the most stable duplex substrate in which 
both strands of the duplex contained flanking regions com- 
prised of 2'-me£hoxy nucleosides and phosphorothioate 
linkages. 

Fig. 9A displays the results from native gel analyses. Lane 1 
shows the position at which- the. 82 P-labeled sense strand mi- 
grated in the native gel. Lane 2 shows that the "sense" single 
strand was not digeated by deRNA-specific ribonuclease Vl. 
Lanes 3 and 4 show the degradation of RNA duplexed with 
antisense RNA gap mer resulting from high and low concen- 
trations of VI RNase. Lanes 5 and 6 show that crude nuclear 
extract degraded the duplex in a Mg 2 * -dependent fashion. 
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Fig. 6. Ion-exchange chromato graph of dsRNase activity from rat liver cytosolic (A and B) and nuclear (C and D) extracts. Alter 
NH«C1 precipitation and dialyais with buffer A, the extracts were loaded onto a 100-ral Hi-Trap SP ion-exchange column and eluted by a 0-1 m 
NqCI increase gradient (••*■-). A and C, alution profile; B and D, dsRNase activity of the fraction (1-2 jil) was determined aa described uder 
"Materials and Methods." 



Lane 7 shows that crude cytosolic extract also induced cleavage 
of the substrate. Ion-exchange purified cytosolic extract cleaved 
the substrate in a Mg 3+ -dependent fashion as well {lanes 8 and 
9). Active fractions alter size exclusion chromatography also 
cleaved the substrate in a Mg 2 *-dependent fashion (lanes 10 
and 21). 

Pig. 9B shows the denaturing gel analysis of the degradation 
products. Lane 1 shows the products of a limit digest of the 
single-strand sense oligonucleotide. The position of the degra- 
date is consistent with it being the 2'-rnethoxyphosphorothio- 
ste-flanking region (wing). RNase VI digestion of the single- 
strand substrate resulted in little degradation (lane 2). RNase 
VI digestion of the duplex resulted in degradates reflecting 
cleavage at several sites within the dsRNA gsp (lane 3 and 4). 
In lanes 4-14 , the band at the top of the gel demonstrates that, 
even after denaturation, some of- the duplex remained an- 



nealed, reflecting the very high affinity of duplexes comprised 
of 2'-raethoxy nucleosides. Lanes 6-9 show that both the nu- 
clear and cytosolic enzymes cleaved the duplex substrate at 
several sites within the oligoribonucleoude gap and that the 
sites of degradation were different from those of VI nuclease. 

DISCUSSION 

By the rational design of chemically modified antisense oli- 
gonucleotides that contain oligoribonucleotide stretches of 
varying length, we have identified an activity in cells and rat 
liver that requires the formation of a dsRNA region to degrade 
target RNA. This activity is present at comparable levels in 
both the nuclear and cytoplasmic fractions of T24 human blad- 
der carcinoma cells. We have found that this activity produces 
S'-phosphate and 3 '-hydroxy! termini after cleavage of its RNA 
substrate. The generation of 5' phosphate and 3'-hydroxyl ter- 
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Fig. 7. Gel filtration of dsRNase activity from rat liver cytosollc extracts. Extract after ion-exchange wea concentrated and loaded onto 
a TSK3000 gel nitration column. A, clution profile; B, dsRNase activity for the fractions (1 ul); and C, SDS-polyacrylainide gel electrophoresis with 
Coomaaaie Blue stein (6 ug of protein from each fraction). * » sample after ion-exchange chromatography only. 



Table I 

Partial purification of dsRNasi from rat liver extracts 
Fractions from rat liver nuclei and cytosol were prepared and tested aa described under "Materials and Methoda." 



. Fraction 


Protein 


Total activity ■ 


Specific activity 


Purification 
factor 


Recovery 


Cytosolic extract 


mg 


anil 8 


unU/mg 




% 


30,000 


1,020,000 


34 


1 


100 


Ion-exchange pool 


991 


459,000 


463 


14 


56 


Gel filtration pool 


18.4 


100,980 


5,600 


165 


22 


Nuclear extract 


5.000 


205,000 


41 


1 


100 


lon-exchange pool 


11.2 


77,900 


6970 


170 


38 



• Unit is the amount of enzyme required to digest 10 fraol of dsRNA duplex in 15 min at 37 "C in the condition described under "Materials and 
Methods." 



2540 



Mammalian Double Strand RNase 



1 2 3 4 6 6 7 8 0 10 11 121314 15 




21 222324Z5W27282B3031 32333435 36 37 38 39 40 41 4243 



FiQ. 8. Effect of various conditions on dsRNase activity. 1 
partially purified rat liver cytosolic extract was incubated with duplex 
Bubstrate as described under "Materials and Methods.*' Lanes 1 and 11, 
20 ran Tris buffer (pH 7.5); lanes 2-6, 20 mM aodium acetate buffer (pH 
4.6, 6.5, 6.0, 7.0, and 8.0); lanes 7-10, 20 mM Tria buffer (pH 7.0, 8.0, 9.0, 
and 10.0); lanes 12-15, 20 mM sodium phosphate buffer (pH 5.0, 6.0, 7.0, 
and 8.0); /ones 21-23. 60, 80, and 100 # C, incubation of extract for 5 rain 
prior to digestion of duplex substrate; lanes 24-26, repeat cycles of 
freezing and thawing 10, 3, and 0 times; tones 27-30, digestion reaction 
incubated at 60, 42, 37 and 22 °C; lanes 31-35. reaction buffer with final 
EDTA concentration of 60, 20, 10, 5 and 0 mM; lanes 36-40, reaction 
buffer with final NaCI concentration of 30, 100, 300, 600, and 1000 mM; 
lane 41, substrate only; lanes 42 and 43. ex tract pre treated with organic 
solvent (60% methanol and ace tonit rile). 



mini is a common feature of several, other nucleases that rec- 
ognize double strand nucleic acid molecules, including RNase 
HI (26), the enzyme that cleaves the RNA component of a 
DNA:RNA duplex, and E. coli RNase III, which catalyzes the 
hydrolysis of high molecular weight dsRNA and mediates deg- 
radation of sense-antisense duplexes (27). The fact that both 
the oligoribonucleotide portion of the 9-base RNA gap mer 
strand in the 9-base RNA gap mer oligonucleotideiRNA duplex 
as well ss the RNA strand were cleaved by this activity dem- 
onstrates that the enzyme(s) can specifically recognize and 
cleave both strands of an RNArRNA type duplex. The presence 
of phoBphorothioate linkages in the sntisense molecule should 
prevent cleavage of this strand when administered to cells and 
therefore enhance the potential of such compounds to have 
therapeutic utility. Interestingly, cleavage of both strands does 
not seem to be required, in that target raRNA was greatly 
reduced even though phosphorothioate RNA gap mer antisense 
oligoribonucleotides were uaed. 

The partial purification of the activity from liver nuclear and 
cytosolic extracts suggests that the activity is present in both 
subcellular compartments in rat liver cells as well as human 
cell lines. The nuclear enzyme eluted from the ion-exchange 
column at higher NaCI concentrations than did the cytosolic 
enzymes. However, both require Mg a * and cleave at several 
sites within the oligoribonucleotide gap. Both require a duplex 
substrate. This may suggest that there are different types of 
proteins with dsRNase activity in nuclei and cytosol, but much 
more work is required before conclusions can be drawn. Addi- 
tionally, as the nuclear activity eluted at a different NaCI 
concentration than did the cytosolic, it seems likely that the 
nuclear activity did not contribute to the cytosolic activity that 
eluted at lower NaCI concentrations. However, in several prep- 
arations, there was evidence of small amounts of activity that 
eluted at 700-800 mM NaCi in the cytosol, and this could have 
been due to nuclear contamination. Again, only additional work 
will definitively determine the cellular localization of the 
activities. 

Many components of rnRN A degradation systems have been 
conserved between pro- and eukaryotes (28, 29). Here we show 
that like some prokaryotic organisms, in which RNase lit car- 
ries out the degradation of sense-antisense hybrids to regulate 



the expression of some genes, human cells have conserved an 
activity capable of performing a similar role. For some time the 
dsRNA adenosine deaminase enzyme was suggested to target 
RNA hybrids for degradation by some unknown mechanism 
(30). However, more recently it has been demonstrated that 
deaminated transcripts are usually at least as stable as un- 
modified RNA (31). This enzyme efficiently modifies duplexes 
containing 100 base pairs or more and would therefore not be a 
factor in our system where dsRNA regions rsnged from 3 to a 
maximum of 17 base pairs. In addition, Ha-Raa mRNAdoes not 
contain any adenosine residues in the region targeted by our 
antisense oligonucleotides. The identification of a human dsR- 
Nase activity may help us understand how human cells use 
endogenously expressed antisense transcripts to modulate 
gene expression. It also has important implications for anti- 
sense therapeutics. 

The activities reported in this study appear to be novel. The 
properties of the proteins responsible for cleavage of the sub- 
strates are clearly different from other enzymes reported. For 
example, the dsRNase induced by interferon has a different 
molecular weight, salt and divalent ion requirements, and is 
secreted (18). We have not observed dsRNase H activity in cell 
aupernatanta. 

The vast majority of antisense oligonucleotides used experi- 
mentally or currently being teBted in the clinic are modified 
oligodeoxynucleotides (1, 7). It has been demonstrated that the 
heteroduplex formed between such oligodeoxynucleotide anti- 
sense compounds and their target RNA is recognized by the 
intracellular nuclease RNase H that cleaves only the RNA 
strand of thi6 duplex. Although RNase H-mediated degradation 
of target RNA has proven a useful mechanism, it has limita- 
tions. One is the fact that the oligonucleotide must be *DNA- 
like," and such oligonucleotides have inherently a lower affinity 
for their target RNA. Strategies designed to circumvent this 
lower affinity include the design of gap mer oligonucleotides 
that are comprised of a stretch of high affinity chemically 
modified oligonucleotides on the 5' and 3' ends (the wings) with 
a stretch of deoxynudeotides in the center (the gap) (7, 23). 
DNA gap mer oligonucleotides have significantly higher affin- 
ities for their target. However, depending on the size of the 
DNA gap, RNase H activity may sIbo be compromised (7, 23). 
The cellular localization and tissue distribution of RNase H 
activity are also concerns for antisense therapy. RNase H ac- 
tivity is primarily localized to the nucleus (32), although it has 
been detected at lower levels in the cytoplasm. RNase H activ- 
ity is also variable from cell line to cell line and between tissues 
(8), thus a given disease state may not be a good candidate for 
antisense therapy, simply because the target tissue has insuf- 
ficient RNase H activity. Finally, and perhaps most impor- 
tantly, the majority of sites within RNA targets that have been 
Btudied are not sensitive to RNase H-induced cleavage (8). It is 
clear then that alternative terminating mechanisms to RNase 
H activation are required for widespread application of anti- 
sense therapeutics. 

The activity described in this work is attractive as an alter- 
native terminating mechanism to RNase H for antisense ther- 
apeutics. The activity relies upon "RNA-like" oligonucleotides 
that have higher affinity for their target and thus should have 
higher potency than "DNA-like* oligonucleotides. The presence 
of the activity in both the cytoplasm and the nucleus suggests 
that it might be used to inhibit many RNA processing events 
from nuclear pre-mRNA splicing and transport to the degrada- 
tion of mature transcripts in the cytoplasm. As we have exam- 
ined the dsRNase activity induced only by the RNA gap mer 
oligonucleotides targeted to codon 12 of Ha-Ras, it is difficult to 
estimate the relative abundance of this dsRNase activity or 
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FiO. 9. Analysis of deRNA oligonucleotide digestion products 
by native poly acryl amide gel .electrophoresis. A, antisense and 
sense oligonucleotides were pre annealed and incubated with the cellu- 
lar extracts as described under ^Materials and Methods." Polyacryl- 
amide gel analysis of the digestion products was performed as described 
under 'Materials and Methods * Sense strand RNA alone (Jane J) and 
digested with RNaae VI {lane 2) are shown. RNaee Vl digestion of 
single strand sense oligonucleotide was performed in 10 ul containing 
10 mM Tria-HCl, pH 7.4, 50 km NbCI, 6 mid MgCI* 10* cpm RNA, and 



potential potency of these RNA gap mer compounds for other 
si tea compared with RNase H active oligonucleotides. The tar- 
get site in codon 12 of Ha-Rae is one of the most RNaae In- 
sensitive sites we have identified. A phosphorothioate oligode- 
oxynucleotide to that site typically displays an IC W of 
approximately 50 dm in T24 cells (22). The IC 60 for the 9-base 
RNA gap mer oligonucleotide was approximately 200 nM, sug- 
gesting that this activity is capable of degrading this site nearly 
as well as RNase H. 

The selective inhibition of mutated genes such as the ras 
oncogene necessitates antisense hybridization in the coding 
region of the mRNA. This requires either a high affinity inter- 
action between oligonucleotide and mRNA to prevent displace- 
ment of the oligonucleotide by the polysome or rapid degrada- 
tion of the target mRNA. RNA gap mer oligonucleotides, being 
inherently higher in affinity than oligodeoxynucleotidea and 
being able to take advantage of a cellular daRNase activity, 
may satisfy both these criteria. Identification of sites that are 
differentially sensitive to RNase H and to dsRNase activities 
will increase the number of potential target sites on a given 
mRNA for antisense oligonucleotides. 

It is clear that an activity capable of degrading dsRNA must 
be carefully regulated, since dsRNA and stem loop structures 
abound in all cells and uncontrolled cleavage of such substrates 
would surely be toxic. Mechanisms of regulation may include 
direct inhibitors and activators, cellular compartmentalization, 
and regulation by cellular signal transduction pathways. One 
such pathway that could potentially be involved is the dsRNA- 
activated protein kinase pathway (33). The kinase p68, which 
is induced by d6RNA or interferon, phosphorylates the eukary- 
otic translation initiation factor 2, which results in transla- 
tipnal inhibition. 

Further purification, characterization, and cloning of the 
dsRNase activity presented here will be required to increase 
understanding of its cellular function and regulation. Clearly, 
the enzyrae(s) may play important roles in the intermediary 
metabolism of RNA and may be involved in the degradation of 
RNA species targeted by natural antisense transcripts. Drugs 



0.6 unit of RNase VI. RNase V\ digestion of deRNA was prepared as 
above with the exception that 10 4 cpm of sense oligonucleotide was 
preennealed with 10 nM antisense oligonucleotide prior to digestion 
with 2 X 10~ 3 units of RNase VI (lane 3) and 2 X 10~ a units of RNase 
Vl {lane 4). RNase reactions were incubated at 37 *C for 5 mm. The 
digestion patterns for the dsRNA oligonucleotide incubated with the 
various cellular extracts are as follows: unpurifted nuclear extract in- 
cubated for 240 min {lane 5), unpurifted nuclear extract incubated for 
240 min- in the absence of MgCl, (lane 6); unpurifted cytosolic extract 
incubated for 240 min (lane 7); ion-exchange purified cytosolic extract 
incubated for 240 min (lane 8); ion-exchange purified cytosolic extract 
incubated for 240 min in the absence of MgCl, (/one 9); ion-exchange 
and gel filtration-purified cytosolic extract incubated for 240 min (lane 
20); ion -exchange and gel filtration -purified cytosolic extract incubated 
for 240 min in the absence of MgCl a (lane J J). B, analysis of dsRNA 
oligonucleotide digestion products by denaturing poly aery lam id e gel 
electrophoresis. The 6rac*eied region indicates the position of the RNA 
gap. RNase A and VI digestions of single strand sense oligonucleotide 
were performed in 10 pi containing 10 rax Tris-HCl, pH 7.4, 60 mM 
NaCl, 6 mM MgCl,. 10* cpm of 9a P-iabeled RNA and 5 X 10"* units of 
RNase A (lane I) or 2 x 10~ 9 units of RNase V t (lane 2). RNase V, 
digestion of.dsRNA was performed aa described above at 2 x 10 s units 
(lane 3) or 2 X 10* units (lane 4). The digestion patterns for the dsRNA 
oligonucleotide incubated with the various cellular extracts are as fol- 
lows: unpurifted nuclear extract incubated for 0 min (lane 5); unpurifted 
nuclear extract incubited for 240 min (lane 6>, unpurifted cytosolic 
extract incubated for 240 min (lane 7> t ion-exchange-purified cytosolic 
extract incubated for 240 min {lane 8); ion-exchange and gel filtration- 
purified cytosolic extract incubated for 240 min (lane 9). The base 
hydrolysis ladder was prepared by incubation of the 10* cpm RNA at 
90 *C for 5 rain in 10 pi containing 100 mM sodium carbonate, pH 9.0 
(lane 20). 
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designed to take advantage of this mechanism may help in- 
crease the scope of an ti sense-based therapeutics. 
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Figure 11: siRNAs targeting HCV chimera 
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Figure 14: Chemically Modified siRNA targeting 
HCV chimera 




